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ABSTRACT 
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A  facility  has  been  established  at  the  M.X.T.  Francis  Bitter 
National  Magnet  Laboratory  for  studying  various  electromagnetic 
means  for  accelerating  vehicles  and  projectiles  to  very  high  velo¬ 
city,  and  for  training  a  generation  of  scientists  and  engineers  in 
the  technologies  involved .  The  facility  has  been  staffed  by  about 
fourteen  undergraduate  and  graduate  students,  technicians ,  faculty 
and  research  staff. 

^  During  the  first  six  months  ( phase  one)  the  group  he§> con¬ 
structed  a  65  kJ,  6  kV  fast  discharge  capacitor  bank,  a  134  kJ, 

900  V  slow  discharge  bank,  and  a  245  kJ ,  350  V  mobile  bank  for  field 
launching  was  started.  Also  completed  was  an  accelerator  test 
bench  and  a  protected  control  and  observation  room  instrumented 
with  digital  data  processing  equipment.  Studies  have  been  initi¬ 
ated  on  three  acceleration  mechanisms ,  and  on  the  theoretical  li¬ 
mitations  in  general.  ) 

CyA  "helical  railgun"  (brush-commutated  helical  accelerator) 

-hae  been  bench-tested  to  500  gee  acceleration  and  30  m/s  velocity 

A 

achieved  over  a  12  inch  section.  A  20  foot,  twin  helix  launcher 

u >cjic 

and  optimized  cargo  or  reconnaissance  glider  have  been  designed, 

A 

for  construction  during  phase  two. 

Mass  driver  (discrete-coil,  synchronous  accelerator )  coils 
bere-^been  tested  to  destruction  over  a  range  of  pulse  conditions 

A 

to  gain  an  understanding  of  failure  modes  and  develop  improved 
designs  for  different  ranges  of  operation. 

A  "momentum  transformer"  has  been  constructed  for  transferring 
momentum  from  a  pneumatically  driven  sabot  to  a  smaller  projectile. 

Theoretical  studies  indicate  that  the  smallest  vehicle  capable 
of  surviving  a  ground-based  launch  to  earth  escape  velocity  at 
reasonable  atmospheric  losses  of  mass  and  energy  is  a  25  kg, 


6  cm  caliber  cylinder 9  and  that  a  promising  mechanism  for  accel¬ 
erating  it  to  escape  jelocity  is  a  self-energized  superconducting 
mass  driver  in  which  the  paunch  energy  is  stored  inductively  :n 
a  1  km  length  of  superconm  cting  drive  coils  of  35  cm  caliber. 
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INTRODUCTION 


The  NIT  National  Magnet  Laboratory  was  built  in  1960-1963  with 
funding  by  the  Air  Force  Office  of  Scientific  Research  (AFOSR)  to  serve 
as  a  canter  of  expertise  in  the  generation  of  very  intense  magnetic  fields, 
and  their  application  to  solid  state  and  plasma  research.  It  was  named  in 
honor  of  Francis  Bitter,  who  built  the  first  high  field  research  facility 
at  MIT  in  1936.  Support  of  the  laboratory  has  since  been  taken  over  by 
the  National  Science  foundation,  with  substantial  contribution  from  the 
Department  of  Energy  to  the  Alcator  fusion  research  project.  The  core 
powerplant  is  capable  of  generating  up  to  32  MW  of  highly  regulated  dc 
power,  and  has  been  supplemented  with  a  pulsed  power  capability  of  225  MN 
dedicated  to  the  Alcator  machine.  The  laboratory  provides  high  fields  to 
visiting  researchers  from  government,  university  and  industry,  and  also 
maintains  in-house  research  in  solid  state,  plasma  and  superconductivity 
physics.  The  laboratory  also  serves  the  DoE  as  designer  and  contracting 
officer  for  large  IflD  magnets. 

Work  in  propulsion  began  in  1970,  when  Henry  Kolm  and  Richard 
Thornton  developed  the  MIT  Magneplane,  a  high-speed  mag  lev  transportation 
system  based  on  a  linear  synchronous  motor  [1,2,3).  In  1975  Gerard  K. 
O'Neill  of  Princeton  University  recognised  the  applicability  of  this 
mechanism  to  launchers,  and  there  followed  the  development  of  Mass  Drivers 
for  launching  lunar  raw  materials  to  space  construction  sites.  The  colla¬ 
boration  was  supported  by  NASA  in  two  NASA-AMES  summer  studies  in  1976  and 
1977  (4,5)  and  in  joint  grants  to  MIT  and  Princeton  (6). 

In  1978  Dr.  Harry  Pair,  Chief  of  the  Propulsion  Branch  of  ARRADCCM, 
sponsored  a  preliminary  survey  of  all  practical  electromagnetic  accelera¬ 
ting  mechanisms  and  their  applicability  to  DoD  requirements.  The  conclu¬ 
sions  were  presented  at  the  JANNAT  meeting  in  March  1979  (  7)  and  elsewhere 
(8,9,10).  Henry  Kolm  also  assisted  in  establishing  a  Technical  Advisory 
Panel  on  Electromagnetic  Guns  and  Launchers  to  bring  all  available  re  sour¬ 
ces  and  expertise  to  bear  on  planning  a  coordinated  rad  program. 

The  work  reported  here  represents  the  first  six-month  phase  of  MIT's 
contribution  to  such  a  program. 
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It 

OBJECTIVES 

It  is  the  main  purpose  of  this  project  to  establish  a  facility  for 
studying  all  electromagnetic  accelerating  mechanisms  of  interest,  without 
prejudice  toward  existing  capability  or  equipment,  and  to  train  a  first 
generation  of  experts  in  the  basic  science  and  engineering  of  this  art. 

To  this  end,  we  draw  on  the  entire  MIT  student  body,  graduate  and  under¬ 
graduate,  without  departmental  barriers.  Our  group  operates  at  a  high 
level  of  involvement  and  enthusiasm. 

Four  tasks  have  been  selected  as  deserving  first-priority  attention, 
considering  the  fact  that  the  very  important  railgun-homopolar  launcher 
technology  is  already  being  pursued  at  Westinghouse  and  University  of  Texas, 
Austin. 

The  helical  railgun,  or  brush- commutated  helical  accelerator,  con¬ 
sists  of  a  short  coil  sliding  inside  or  outside  a  helical  barrel.  The 
sliding  coil  and  adjacent  segments  of  the  barrel  are  energized  by  rings 
of  brushes  surrounding  the  helical  barrel.  The  device  seems  well  suited 
for  accelerating  heavy  vehicles  to  relatively  moderate  velocities,  but  the 
efficiency  and  performance  limits  were  completely  unknown.  It  is  our 
objective  to  construct  and  bench-test  a  short  segment  of  helical  accelerator, 
and  on  the  basis  of  the  knowledge  thus  gained  to  design  a  half-scale  field 
launcher  and  glider  vehicle,  to  be  constructed  during  phase  two.  The 
full-scale  launcher  is  intended  to  launch  50  pound  gliders  for  reconnaiss¬ 
ance  purposes,  or  for  transporting  cargo  over  inaccessible  terrain. 

The  launcher  is  intended  to  operate  at  100  gee  acceleration,  100  m/s 
(224  eph)  velocity,  with  a  range  of  several  miles.  A  larger  version  to 
be  designed  in  the  future  would  accelerate  a  300  pound  stretcher  vehicle 
at  5  gee  for  medical  evacuation  purposes. 

The  accelerators  intended  for  launching  purposes  will  have  external 
slide  coils.  This  configuration  provides  easy  access  to  the  brushes  and 
helical  barrel  surfaces  for  studying  the  commutation  processes,  arcing 
damage,  etc.  On  the  basis  of  tests  with  the  external  sliders  we  hope  to 
establish  the  performance  limits  of  helical  accelerators  for  internal 
use  in  artillery  applications. 

The  study  trill  also  generate  trade-off  curves  for  launched  glider 
design. 
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Mass  drivers,  or  discrete-coil  synchronous  accelerators  in  9eneral# 
are  limited  in  performance  by  failure  of  the  vehicle  coil  or  of  the  drive 
coils.  Failure  of  the  vehicle  coil  is  governed  by  a  relatively  straight¬ 
forward  thermal  limit,  but  failure  of  the  drive  coils  is  a  complex  problem 
which  has  not  been  studied  for  large-caliber,  thin -build  pulse  coils. 

Depending  on  the  operating  regime,  failure  may  be  thermal,  static  or 
dynamic.  We  wish  to  correlate  the  observed  failure  of  simple  coils  with 
computer  models  to  detexmine  the  performance  limit  of  mass  driver  type 
accelerators,  and  means  to  design  drive  coil  structures  for  maximum  per¬ 
formance. 

Momentum  transfer  flux  compressors,  or  momentum  transformers,  are 
devices  in  which  a  metal  sabot  provided  with  a  radial  slot  is  accelerated 
chemically  (or  pneumatically,  in  our  tests)  into  a  region  of  strong  mag¬ 
netic  field  confined  by  a  copper  barrel.  The  magnetic  flux,  which 
cannot  penetrate  the  sabot  in  the  available  time,  is  thereby  concentrated 
into  the  inner  bore  of  the  slotted  sabot,  so  that  the  field  intensity  is 
increased  by  about  the  ratio  of  outside  to  inside  cross  section.  A  conducting 
projectile  located  inside  the  sabot  is  thereby  expelled  by  induced  eddy 
currents,  carrying  with  it  a  hopefully  large  fraction  of  the  sabot's 
momentum  at  a  correspondingly  higher  velocity.  We  plan  to  study  the 
mechanism  by  inductance  simulation,  using  alternating  currents  and  a  duemy 
sabot,  and  by  pneumatically  driving  a  one  inch  caliber  sabot  into  a  field 
coil. 

There  are  certain  theoretical  limits  on  the  performance  of  the 
basic  acceleration  processes,  imposed  by  materials,  energy  transfer  rates, 
losses,  etc.  We  are  interested  in  defining  the  performance  limits  of 
the  helical  accelerator  in  terms  of  thrust,  efficiency  (heating),  projectile 
•ire,  and  speed,  insofar  as  these  limits  can  be  derived  from  experimental 
data,  for  extrapolation  to  the  larger  launchers  for  tactical  use. 

We  are  also  interested  in  deriving  the  theoretical  melting  limit  for 
multiple  impulse  inductors,  that  is  accelerators  which  drive  short-circuited, 
passive  coils  or  washers  by  synchronised  pulse  coils  of  the  mass  driver  type. 

Finally,  we  intend  to  determine  the  feasibility  of  launching  space 
vehicles  electromagnet ically,  the  minimum  vehicle  sire  for  survival,  the 
mass  and  energy  losses  in  traversing  the  atmosphere,  and  the  suitability  of 
various  energy  storage  and  accelerating  mechanisms. 
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The  group  has  one  additional  mission!  funded  by  NASA-LEWIS  rather 
than  ARRADCOM-DARPA,  which  we  include  in  the  present  report  because  of 
its  relevance  to  DoD  applications:  design  and  construction  of  the 
superconducting  bucket  and  associated  cryogenic  service  station  for 
Mass  Driver  Two,  The  station  serves  to  cool  the  bucket  to  liquid 
helium  temperature,  induce  a  persistent  current  in  its  two  coils,  and 
inject  it  into  the  mass  driver  being  built  at  Princeton  University.  We 
will  then  collaborate  with  Princeton  in  testing  the  overall  system,  and 
obtain  experimental  data  on  the  performance  limit  of  superconducting 
bucket  coils  under  the  field  transients  involved  in  mass  driver  type 
accelerators. 

This  work  fills  a  gap  in  the  present  DoD  program ,  which  does  not 
as  yet  include  a  cryogenic/superconducting  system.  We  believe  that  such 
systems  will  be  of  importance  in  two  contexts:  linear  inertial  energy 
storage  in  Pulsar  type  devices,  such  as  those  developed  by  Cowan  at 
Sandia  (11],  and  inductive  energy  storage  for  space  launchers  and 
possibly  also  tactical  and  strategic  launchers.  Relatively  little  is 
known  about  the  behavior  of  hard  super  conduct  ore  under  fast  transients, 
and  other  groups  at  the  National  Magnet  Laboratory  are  beginning  to 
investigate  this  area. 
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PERSONNEL 


Tha  following  persons  contributed  to  the  Phase  One  work,  in  the 

■inner  indicated. 

Henry  Kolm.  Senior  Scientist  (Natl.  Magnet  Lab),  lecturer  (Aero. Astro  Dept.) 
co-principal  Investigator,  electromagnetics 

Hens  Miller.  Professor,  Aeronautics  and  Astronautics  Department 
co-principal  Investigator,  aerodynamics 

Peter  Mongeeu,  BS,  Physics,  Doctoral  Candidate,  Physics 

crew  chief,  supervises  ell  projects,  makes  job  assignments,  concentrates 
on  theoretical  analysis  and  Instrumentation;  conceptual  planning; 

Fred  Williams.  BS,  Mechanical  Engineering;  veteran  of  magneplane  and  pulsed 
metal  forming  projects;  chief  designer  and  constructor,  with  special 
responsibility  for  capacitor  switching  and  safety;  idee  generation; 
procurement  of  surplus  equipment;  Improvisation  and  adaptation; 

Peter  Graneau,  Ph.D. ,  Elect.  Engr. ,  specialist  In  cryo- cables,  circuit  breakers 
physics  of  metal  vapor  arcs,  electromagnetic  theory;  lot  time  consultant 
special  responsibility  for  quench- gun  analysis  and  arc-commutation; 
fundamental  analysis; 

Whitney  Hamnett.  Electro-Mechanical  Project  Technlclen;  BS  In  ert; 

shop  manager,  responsible  for  documentation  and  Illustration,  detail 
designing,  special  responsibility  for  cryogenic  systems  and  tests. 

A1  Djlauw,  Electro-Mechanical  Project  Technician;  pulsed  field  experience; 
special  responsibility  for  design  and  construction  of  capacitor  banks 
and  switching  circuitry,  fabrication  of  helical  launcher  booms,  test 
bench  facilities; 

Ken  McKinney,  third  year  student,  candidate  for  BS  In  Physics  and  Mech  Engr. 
ties  worked  on  undergrad,  thesis  and  later  as  student  employee;  specie! 
responsibility  for  data  processing,  computer-modelling  of  coll  dynamics, 
and  management  of  the  Digital  PDP-11  system  and  Interface. 

Osa  Fitch,  third  year  student,  candidate  for  BS  In  Aeronautical  Engr.; 

working  on  undergrad,  thesis  project  (UftOP,  "Undergrad.  Research  Opp¬ 
ortunity"  project)  for  academic  credit;  responsible  for  coll  dynamics 
project  experimentation,  planning  to  do  IS  thesis  for  project  later; 

Robert  Sharp,  third  year  student,  candidate  for  BS  In  Physics; 

Working  on  UBOP  project  for  credit,  coll  dynamics  experiments. 

Michael  P^lusaek,  BS,  Aeronautical  Engr., 

Part  time;  did  gilder  trajectory  trade-off  analysis  and  basic  design; 

Hart  Zeltlln,  BS,  Aeronaut.  Engr.,  Candidate  for  MS; 

Responsible  for  structural  design  and  construction  of  glider  vehicle, 
radio  control.  Instrumentation,  and  aeronautical  testing; 
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Uka  Levi ,  third  year  student  at  Bryn  Hewr  College,  Candidate  for  BS  In  Physics; 
Joined  project  for  one-week  externship  during  spring  vacation;  may 
return  as  student  employee  later  If  needed. 

Roger  Durst,  fourth  year  student,  candidate  for  BS  In  Aeronautical  Engineering; 
Working  as  student  employee  on  construction  of  launcher  booms  and 
capacitor  banks;  may  join  project  as  graduate  student  for  HS; 

Kevin  Hagulre.  high  school  student;  part-time  employee; 

will  work  as  summer  student  employee,  special  case  community  service; 


The  following  additional  persona  are  associated  with  the  Naas  Driver 
group  at  Princeton: 

Gerard  K.  O'Nel II ,  Professor  of  Physics,  Princeton  University 

author  of  'The  High  Frontlet"  and  leading  advocate  of  space  colonization. 


VI II lam  Snow  ,  HS,  Aeronautical  Engineering, 

former  graduate  student  at  NIT  and  veteran  of  the  Hass  Driver  One  group, 
responsible  for  design  and  construction  of  the  main  part  of  Hass 
Driver  Two. 


FACILITIES 


SPACE  AND  SERVICES 


The  group  now  occupies  about  3,000  squara  feet  of  office  and 
laboratory  apaoa,  with  room  for  expansion  as  required.  Thars  la  an 
adjaoant  garaga  araa  where  tha  trailer-mounted  twin-helix  launcher  can 
ba  assembled,  and  a  little-used  railroad  siding  where  Initial  launching 
tasts  can  ba  node.  Aval  labia  In  tha  sans  building  ara  haavy  shop  facili¬ 
ties,  Including  lathes  large  enough  to  fabricate  nodules  of  helical 
barrel s  up  to  ei^it  feat  long. 

Tha  araa  has  acoess  to  tha  sain  powerplant  which  can  furnish  up 
to  32  Ml  of  continuous  dc  power  (160  kA  at  200  V) ,  and  Bitter  solenoids 
with  fields  up  to  220  kG  (22  Tesla) ,  oriented  horizontally  or  vertically. 
Tha  laboratory  also  owns  various  capacitor  banks  which  are  available 
for  oocaslcnal  use. 

Tha  oantral  re¬ 
search  araa,  30  x  40 
feet.  Is  surrounded 
by  a  wire  cage,  A 
massive  wood  test 
bench  40  ft  long  was 
constructed  along 
one  wall  of  this  cage, 
and  a  plywood  ob¬ 
servation  and  oontrol 
room  was  built  in 
one  corner  for  pro¬ 
tection  againA  noise 
and  debris,  and  to 
secure  tha  digital 

Am+m  .f-rr-tt  Fig.  !•  Overall  view  of  central  research  area 

<*•  *tongt  eoapl.t*  in  January  1980. Tast  bmch  at  left, 

control  room  In  far  right  comer.  Fred  Hill  Ian 
and  Fetor  Mongeau  In  background. 


t. 
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DEDICATED  ENERGY  STORAGE 


THE  FAST  DISCHARGE  BANK 

Thirty-six  6  KV,  100  nf  pyranol 
capacitors  obtained  as  governaent  surplus 
freu  the  Princeton  Synchrontron  were 
asseebled  into  a  fast-discharge,  65  XJ 
bank. 

The  bank  is  divided  into  six 
'dales  of  six  cans,  each  housed  in  a 
asreial  polyethylene  tank  with  0.25  inch 
walls  on  a  caster  dolly,  as  shown  at 
right. 

Cans  are  connected  individuality 
to  XQ  217  type  coaxial  cables  in  the 
asnner  shown,  one  side  of  the  capaci¬ 
tors  being  grounded  to  the  oans.  The 
tanks  are  thus  needed  for  fault  pro¬ 
tection  as  well  as  for  PCS  oontil  rasnt. 

A  linear  spark  gap  triggered 
by  four  autoaobile  spark  plugs  was 
constructed,  it  is  oapabla  of  dis- 
oharglng  one  6— can  pillule  and  oper— 
ates  reliably  at  1,000  as  weU  as 
6,000  volts.  A  larger  version  capable 
of  accepting  the  36  co-axial  leads 
fxca  all  six  nodoles  has  been  designed. 

The  six  nodules  will  fit  into 
six  ntltfdr^rg  bays  underneath  the 
test  bench*  two  are  visible  in  Pig. 


MSiaJ  EtSCf-ftoOS 


Fig.  2  The  6  KV,  6S  KJ  fast  dis¬ 
charge  capacitor  bank,  connections, 
and  spark  gap  switch. 
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THE  SLOW  DISCHARGE  BANKS 


We  have  two  s low-discharge  capacitor 
banks  made  of  beer  can  elecirolytics  obtained 
as  surplus  from  the  dismantled  Princeton 
Synchrotron.  A  crowbarred  laboratory  bank 
has  been  completed,  and  a  field  bank  for 
use  with  the  trailer-mounted  launcher  is 
being  assembled. 

The  laboratory  bank  uses  960  beer  cans , 
each  3100  mf  at  300  V  storing  140  J,  with  a 
total  storage  capacity  of  134.4  kJ  at  900  V. 

The  bank  consists  of  40  modules 
containing  24  cans  wired  8  in  parallel  and 
3  in  series  as  shown  at  right.  Each  module 
has  its  own  SCR  for  initiating  its  discharge 
and  for  reverse  fault  current  protection,  as 
well  as  a  crowbar  diode 
to  sustain  the  discharge 
current  and  prevent  back- 
swing  when  feeding  a  low- 
resistance  load. 

The  modules  weigh 
50  pounds  each  and  are 
made  of  2x8  hemlock 
planking,  with  mating 
top  and  bottom  edges  to 
permit  stacking,  as  shown 
in  Fig.  4.  The  aluminum 
current  bus  connections 
protrude  from  the  front 
panel  and  are  protected 
by  the  protruding  side- 
walls.  Stacked  modules 
can  thus  be  connected 
easily  by  vertical  alumi¬ 
num  straps. 


Fig.  3.  Circuit  of  24-can 
module  of  laboratory  bank 


Fig.  4.  Enclosure  of  24-can,  50-pound  stacking 
modules  of  laboratory  bank. 


PULSE  GENERATOR  CIRCUIT 


SCR  TRIGGER  CIRCUIT 

Fig.  5.  Discharge  controls  for  the  laboratory  bank 

A  standard  pulse-forming  and  SCR  trigger  circuit  shown  in  Fig.  5 
was  built,  battery  operated  and  transformer  coupled  to  permit  complete 
isolation  from  the  line  and  prevent  premature  triggering,  this  triggered 
19  to  three  modules.  A  direct  cascade  method  was  later  developed  to  trigger 
all  of  the  modules. 

In  practical  terms,  the  whole  bank  can  deliver  about  200  XA  at  900  V 
for  0.75  ms.  It  can  thus  be  thought  of  as  a  180  Ml  power  supply,  with  a 
0.75  m  duty  cycle,  delivering  134.4  KJ  altogether.  The  bare  capacitors 
have  a  power  density  of  70  joule/pound  (2  pounds/can) . 

The  mobile  bank  now  being  assembled  consists  of  1600  beer  can  units, 
each  2500  mf  at  350  V  storing  153  J.  with  a  total  storage  capacity  of 
245  KJ.  It  will  be  parallel-connected  for  350  V  operation,  which  matches 
the  helical  launcher's  impedance  plus  back-voltage.  The  cans  are  being 
mounted  in  4  steel  shelving  units,  the  total  weight  of  the  bank  being 
3,200  pounds.  The  cans  will  be  individually  SCR- fired,  but  without 
crowbarring  diodes.  Staggered  triggering  will  ensure  quasi-constant 
current  during  the  launch  cycle.  The  actual,  bare-can  energy  storage 
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density,  referred  to  the  bare  capacitor  cans,  is  76.5  joule/pound. 

For  comparison,  we  note  that  launching  the  12.5  pound  (5.67  kg) 
glider  to  224  mph  (100  m/s)  at  80  percent  efficiency  requires  only 
36  KJ  ,  or  465  pounds  of  capacitors.  The  portable  bank  thus  suffices 
for  testing  the  launcher  to  6.8  times  the  mass  of  the  model,  or  2.6 
times  the  design  velocity. 

Two  charging  supplies  are  available:  a  50  KV,  0.2  A  unit  for 
the  6  KV  bank,  and  a  2  KV  4  A  unit  for  the  900  V  bank.  Both  were 
reconditioned  from  dead  storage. 

A  mobile  charging  supply  for  field  use  to  charge  the  300  V 
launching  bank  will  be  constructed  to  be  operable  on  line  power  or  on 
a  gasoline-driven  2.5  KW  generator.  All  of  the  control  and  instrumen¬ 
tation  for  the  field  launcher  will  be  operated  from  the  12  V  truck 
battery  through  a  60  Hz  inverter  in  order  to  make  it  independent  of 
the  generator. 


INSTRUMENTATION 

The  backbone  of  our  instrumentation  system  is  a  Nicolet  Explorer 
digital  oecilloecope,  which  is  capable  of  storing  4,000  data  points  at 
time  intervals  of  50  nanosecond  to  20  second  per  point.  All  points  can 
be  used  to  store  a  single  variable  during  a  transient  event,  or  they  can 
be  used  to  store  up  to  four  variables  simulataneously  by  cycling  the 
points.  Once  stored  on  the  floppy  disk,  the  data  can  be  displayed, 
scanned,  expanded  in  the  x  and  y  directions,  and  processed  directly  by 
an  available  Digital  PDP-11  computer.  A  micro-computer  will  be  added  to 
permit  on-line  computation  while  experiments  are  being  made. 

A  set  of  four  optical  position  sensors  has  been  constructed  to 
provide  a  measured  position  reference. 


15 


THE  HELICAL  ACCELERATOR 

FIRST,  INTERNAL  HELICAL  ACCELERATOR 

A  crude#  two-foot  section  of  internal  helical  railgun  was  first 
constructed  in  about  two  working  days#  to  obtain  a  feeling  for  the  problems 
involved.  It  was  made  by  winding  cotton- insulated,  one  eighth  inch  square 
copper  wire  on  a  phenolic  tube,  potting  the  helix  in  epoxy#  removing  the 
winding  mandrel#  and  honing  the  inside  surface  down  to  bare  copper  with 
an  expandable  cylinder  hone.  The  sabot  was  a  simple#  push-only  bucket 
with  two  carbon  brushes#  supplied  with  current  through  a  tether  cable 
from  a  12  V  lead-acid  battery. 

The  slider  reached  5  m/e  on  battery  power#  and  15  m/s  when  energized 
with  electrolytic  capacitors#  at  which  point  it  failed  because  the  acceler¬ 
ating  force  stripped  the  coil  from  the  phenolic  tube  which  carried  the  brushes, 
easily  from  the  outside.  External  barrels  are  limited  in  length  by  the 
stiffness  of  their  internal  support  tube  because  they  can  only  rest  at 
the  breech#  or  the  breech  and  muzzle  if  the  slider  is  captive.  They  are 
more  accessible  for  research  purposes. 

SECOND,  EXTERNAL  HELICAL  ACCELERATOR 

The  second  model  was  made  of  rectangular#  0.125  x  0.100  inch  copper 
wire  wound  on  the  outside  of  a  four  inch  o.d.  phenolic  cloth  reinforced  tube 
32  indies  long.  Spacing  between  tirms  was  governed  by  the  cotton  insulation. 
The  winding  was  epoxy- impregnated  and  then  machined  to  a  cylinder  with  a 
tolerance  of  about  0.002  inch  overall  taper. 

The  external  slider  is  shown  full-scale  in  Fig.  6  on  the  following 
page. in  section#  and  an  iscsmtric  sketch  appears  in  Fig.  7.  current  will 
ultimately  be  supplied  through  external  feed  brushes#  but  the  bench  model 
was  supplied  through  a  tether  cable  for  simplicity  and  eAse  of  instrumen¬ 
tation.  The  electrical  specifications  Are  summarized  in  Fig.  8#  and  some 
photographs  of  the  bench  model  accelerator  appear  in  Fig. 9. 
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The  principle  of  the  brush- commutated  helical  accelerator  is  best 
illustrated  by  Fig.  6,  an  axial  section  through  the  slider.  A  helical 
barrel  coil  (not  shown)  is  surrounded  by  a  short  sliding  coil  which  is 
supplied  with  current  through  two  sliding  brushes.  The  sliding  coil 
also  carries  two  sets  of  commutating  brushes  at  each  end  which  serve 
to  energize  adjacent  sections  of  the  barrel  helix  in  opposite  directions 
so  that  the  sliding  coil  is  pulled  from  the  front  and  pushed  from  behind. 
Each  commutating  brush  set  consists  of  a  ring  of  fingers  which  surrounds 
the  entire  circumference  of  the  helical  barrel,  made  by  slotting  a  bronze 
tube  as  shown  in  Fig.  7.  The  inboard  brush  set  is  supported  by  a 
re-entrant  tube  to  place  the  brushes  as  close  to  the  sliding  coil  as 
possible. 

It  is  an  essential  feature  of  this  design  that  the  current  flowing 
to  the  brush  sets  exerts  repulsive  forces  between  the  three  nesting 
coaxial  tubes  which  support  the  brushes.  Brush  pressure  will  therefore 
increase  with  increasing  current,  providing  the  outermost  tube  can 
withstand  the  cumulative  force. 

The  factors  which  determine  the  performance  limit  of  a  helical 
accelerator  are  the  effective  system  resistance,  the  inductance  coupling 
coefficient  between  sliding  coil  and  excited  sections  of  the  barrel,  and 
the  brush  current  density  achievable  at  an  acceptable  service  life.  The 
mass  of  the  slider  is  a  trade-off  variable. 

System  resistance  (and  maximum  permissible  drive  current)  can  of 
course  be  improved  by  simply  using  more  copper  in  both  the  helical  barrel 
and  the  sliding  coil,  but  this  will  place  the  two  interacting  currents 
farther  apart,  thus  lowering  the  coupling  constant,  and  also  increase  the 
slider  mass,  thus  lowering  the  acceleration  for  a  given  thrust. 

To  explore  performance  limitations  in  the  short  bench  model,  the 
slider  was  provided  with  only  two  inboard  and  two  outboard  brush  fingers 
in  the  pull-mode  coamutator  (pull-only  operation) ,  and  its  coil  only  had 
four  layers.  It  is  shown  in  the  photograph  of  Fig.  9A. 

The  bench  tests  were  made  by  energizing  the  accelerator  only  momen¬ 
tarily  with  one  module  stack  of  the  electrolytic  capacitor  bank  containing 
0.165  farad  at  variable  charging  voltages  up  to  about  600  volts.  The 
exact  dimensions  of  sliding  coil  and  energized  helical  coils  are  shown 
in  Fig.  8,  along  with  the  electrical  parameters. 
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4.25" 


4.1" 


bucket  Mitt  :  2.3  kg 

winding  Material  :  bucktt  coll  :  copptr 

drive  coll  :  copptr 
bucket  coll  rttltttnct  :  .022  ohot 

drive  coll  retlttence  :  .008  ohot 

ecceleretor  length  :  0.8  oetert 


Fig.  8  Clectrlcel  tpec I  fleet  Ions  of  bench  node! 
helical  accelerator;  helical  barrel  hat 
tingle  layer  winding,  bucket  coll  hat 
four  layer  winding. 


Fig.  Jl  IWo  nodule*  of  electrolytic  capacitor  bank  ucod  to 
dr lac  bench  nodal  helical  accelerator. 
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Test  results  are  summarized  graphically  in  the  next  four  figures. 

Fig.  10  is  a  plot  of  the  peak  current  as  a  function  of  capacitor  voltage# 

and  its  slope  defines  the  "effective  system  resistance"  as  0.057  ohm. 

This  corresponds  to  the  slider  with  only  four  coil  layers  and  four  brush 

fingers  operating  in  the  pull-only  mode. 

Fig.  11  is  a  plot  of  the  slider  momentum  versus  current  impulse 

measured  with  only  the  innermost  of  the  four  coil  layers  energized. 

The  slope  of  this  curve#  nmmly  the  proportionality  constant  between  the 

product  of  slider  current  and  helix  current  (which  are  the  same)  and  the 

propulsion  force,  is  the  effective  mutual  inductance  gradient,  or  dM/dx, 

between  the  sliding  coil  and  the  energized  section  of  helix.  It  turns 

-6 

out  to  be  1.10  x  10  henry /me  ter.  The  slider  mass  was  assumed  to  be 

2.3  kg,  which  includes  half  the  mass  of  the  tether  (umb.lical)  cable 
attached  to  the  slider. 

Fig.  12  is  a  plot  of  final  velocity  as  a  function  to  the  current 
2 

impulse  (ampere  -seconds)  with  all  four  layers  of  the  slider  coil  active. 
The  mutual  inductance  gradient  has  now  decreased  to  0.84  x  10~*  h/s, 
reflecting  the  fact  that  the  additional  three  layers  of  slider  coil 
are  farther  removed  from  the  helix  and  therefore  contribute  less  to  the 
effective  mutual  inductance  gradient.  This  illustrates  drastically 
the  importance  of  designing  for  maximum  dM/dx.  Adding  three  layers  to 
the  initial  single  layer  coil  has  decreased  the  coupling,  and  thus  the 
thrust  obtained  for  a  given  current,  to  only  76%  of  its  initial  value. 

It  is  encouraging  to  note  that  with  only  10%  of  its  brush  area  and 
about  20%  of  its  coil  windings,  the  slider  reached  30  m/s  in  an  effective 
acceleration  length  of  only  about  one  foot,  and  from  a  standing  start. 

The  objective  of  the  glider  launcher  is  to  reach  100  n/s  in  a  length  of 
about  16  ft,  and  with  a  5.7  kg  gross  veitfit  glider  model  shared  between 
two  sliders.  In  other  words,  we  intend  to  accelerate  about  twioe  the 
mass  to  three  times  the  velocity  in  16  times  the  distance,  per  slider. 
This  Iwpi  >es  16  times  the  launch  energy  in  16  times  the  launch  die  tan  os. 
Ms  are  able  to  use  ten  times  the  brush  area  and  five  times  the  nunber 
of  slider  coil  turns.  To  be  sure,  the  added  turns  will  contribute  less 
coupling,  but  this  will  be  oosyansated  somewhat  by  the  fact  that  we  can 
energise  a  section  of  helix  behind  the  slider  to  achieve  push  as  well  as 
pull  action. 


re* -seconds) 

helical  accelerator,  only  Innemost 
«ily,  two  fingers  each;  slider  eass 


BENCH  MODEL  HELICAL  ACCELERATOR 
VELOCITY  VERSUS  CURRENT  IMPULSE 


i  x  tO5 


CURRENT  IMPULSE  l2  t  (avere2-seconds) 


Pit.  12  Velocity  versus  current  Inpulse,  bench  node  I  Ml  leal  accelerator, 
four  coll  layers  energised,  2-f Inger  pull  brushes  only,  slider 
ness  Is  2.3  kg  Including  Mlf  of  uobllllcel  cord  ness. 
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Fig.  13  is  a  plot  of  the  electro-mechanical  energy  conversion 
efficiency  as  extrapolated  from  measurements  with  the  bench  model. 

The  equations  relating  efficiency  to  the  performance  parameters  are 
also  shown  in  Fiq.  13.  The  "coupling  constant"  C  is  a  "normalized" 
coefficient,  namely  the  mutual  inductance  gradient  dM/dx  multiplied 
by  the  number  of  active  turns  N  in  the  bucket  (slider)  b,  and  in  the 
drive  coil  (helix)  d.  This  notation  is  derived  from  the  mass  driver 
literature. 

It  is  a  fundamental  property  of  most  accelerators,  including 
dc  railguns,  that  efficiency  increases  drastically  with  velocity  at 
first,  and  asymptotically  approaches  100%  eventually.  This  property 
derives  from  the  simple  fact  that  both  thrust  and  resistive  loss  are 
proportional  to  the  current  squared.  Thus,  if  the  current  is  kept 
constant  during  acceleration,  the  thrust  and  resistive  loss  will  both 
remain  constant  as  well,  but  the  mechanical  power  delivered  to  the 
slider  will  increase  with  velocity. 

It  will  probably  prove  expedient  to  inject  the  slider  into  the 
active  helical  barrel  with  some  initial  velocity  derived  from  a  spring, 
compressed  air  piston,  or  induction  accelerator  (pulsed  coil).  This 
will  eliminate  the  low-efficiency  start,  and  even  more  importantly  the 
high  local  heat  input  to  the  helix  at  zero  velocity.  The  only  place 
any  significant  pitting  was  observed  in  the  bench  test  model  helix  was 
at  the  starting  position  of  the  commutating  brushes. 

The  twin-boom  glider  launcher  should  achieve  somewhat  better 
efficiency  than  is  suggested  by  Fig.  13  because  using  about  ten  times 
more  commutating  brush  area  will  reduce  the  system  resistance  R 
significantly. 

It  is  worth  noting  that  helical  accelerators  operating  in  the 
3  km/s  velocity  range  should  achieve  efficiencies  approaching  90  percent. 
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THE  GLIDER  LAUNCHER 

CENERAL  CONFIGURATION 

The  launcher  will  consist  of  two  twenty- foot  external  helical 
barrels  supported  side  by  side  by  their  ends  from  Y-brackets  attached 
to  the  ends  of  an  aluminum  I-beam.  The  glider  will  be  accelerated 
between  these  twin  booms  by  twin  sliders  up  to  the  16  foot  point;  the 
sliders  will  then  be  stopped  in  the  remaining  four  feet  and  returned 
to  the  breech  end.  The  full-scale  system  wiil  launch  50  pound  gliders 
and  a  truck-mounted  version  is  shown  in  Fig.  14  on  the  following  page. 

There  are  three  comparable  options  for  energy  storage:  an 
engine-driven  homopolar  generator  followed  by  an  energy  transfer  in¬ 
ductor  ,  all  operating  at  room  temperature.  A  set  of  lead-acid  batteries 
charged  by  an  engine-driven  generator  and  discharged  over  a  period  of 
at  most  15  seconds  into  an  energy  transfer  inductor  cooled  to  liquid  nitro¬ 
gen  temperature,  which  then  discharges  into  the  launcher.  The  third  alter¬ 
native  is  the  use  of  electrolytic  capacitors  charged  by  an  engine-driven 
generator  and  discharged  directly  in  staggered  banks  into  the  launcher. 

A  homopolar  generator  would  probably  be  used  in  an  actual  system. 

We  have  chosen  the  third  alternative,  partly  becuase  we  acquired 
about  1600  beer  can  type  electrolytic  capacitors  as  government  surplus. 
These  cans  are  3M  diameter,  55/8H  long,  weigh  2  pounds  each,  and  are 
rated  at  3100  microfarad,  300  V,  or  140  joule  each.  This  corresponds  to 
70  pounds/joule.  Their  raw  volume  (not  allowing  for  packaging)  amounts 
to  165  ft3/HJ.  A  one  megajoule  electrolytic  bank  at  10C^  packing  density 
would  therefore  occupy  a  cube  5.5  ft  on  a  side. 

Launching  a  23  kg  (50  lb)  glider  to  88  m/s  (200  mph)  requires  3.1  HJ 
of  kinetic  energy.  Assuming  50%  efficiency,  the  task  would  require  an 
electrolytic  bank  only  about  the  size  of  the  full-length  cool-box  on  a 
utility  truck  (8’x3'xl. 5* ) . 


Fig.  I*  Electromagnetic  Launcher  for 
Fifty  Pound  Cargo  and 
Reconnaissance  Gliders 
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MECHANICAL  DESIGN 

The  helical  barrels  will  be  fabricated  in  five  foot  sections 
using  four  inch  i.d.  transits  water  pipe,  a  readily  available  material 
of  hi$i  stiffness,  good  thermal  resistance,  and  low  cost.  The  transits 
sections  will  be  wrapped  with  epoxy  and  fiberglass  cloth  and  terminated 
in  brass  connecting  ferrules,  then  turned  to  an  accurate  o.d.  Square 
copper  wire,  0.1  x  0.135  inch,  cotton  insulated,  will  be  wound  edge¬ 
wise  around  the  cylindrical  fiberglass  surface  and  then  turned  to  within 
+  .002"  of  a  cylindrical  surface  slightly  more  than  5"  o.d. 

Four  helical  sections  will  then  be  placed  over  a  stainless  steel 
tube  with  their  connecting  ferrules  meshed,  and  compressed  by  means  of 
jacking  flanges  so  as  to  place  the  stainless  steel  core  tube  in  tension. 

The  fourth  helical  section  will  be  only  48  inches  long,  the  first  three 
making  up  the  remaining  16  feet.  The  last  section  will  be  wound  in  the 
opposite  sense  so  as  to  generate  a  decelerating  force. 

The  two  booms  will  be  supported  at  their  ends,  side  by  side,  by 
Y-shaped  brackets  riveted  to  an  aluminum  I-beam  located  below  the  helical 
booms.  The  I-beam  will  also  support  the  two  current  feed  rails  from  which 
the  two  sliders  will  derive  their  current. 

The  cost  of  each  five  foot  helical  section  tube  made  of  transite 
with  a  fiberglass  coating  is  about  $40,  as  compared  to  $800  if  a  fiberglass 
composite  tube  such  as  G-10  were  used  instead.  It  is  likely  that  a  similar 
structure  will  prove  the  most  expedient  in  production  launchers  as  well. 


ELECTRICAL  DESIGN 

The  sliders  will  differ  from  those  shown  in  Figs.  6  and  7  in  that 
they  will  have  two  coil  sections  with  two  brush  sections  between  them 
instead  of  the  other  way  around.  The  helical  barrel  will  thus  have  only 
one  active  section  at  the  center  of  the  slider,  instead  of  two  active 
sections.  A  detailed  optimisation  analysis  shows  this  configuration  to 
be  more  expedient.  The  two  active  bucket  coils  will  be  connected  m 
parallel!  it  would  have  been  difficult  to  connect  the  helical  sections 
in  parallel. 
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The  nominal  performance  parameters  are  as  follows: 


acceleration 

100  gee 

peak  power 

1  W 

mass 

10  kg 

kinetic  energy 

50  kJ 

force 

9.8  kN 

launch  duration 

0.1  sec 

velocity 

100  m/s 

length  5 . 

1  m  ®  16.7  ft 

The  electrical-to-mechanical  energy  conversion  efficiency  is 
governed  by  the  effective  mutual  inductance  gradient  dM/dx,  and  by  the 
choice  of  conductor  cross  section,  two  related  parameters.  Once  the 
conductor  cross  section  has  been  chosen,  the  number  of  turns  only  affects 
the  impedance  match. 

Having  decided  to  derive  the  launch  energy  from  electrolytic  capacitors 
rated  at  300  V,  we  design  for  a  maximum  back- voltage  (kinetic  emf ,  not 
including  resistance  drop)  of  200  volts.  This  establishes  the  required 
peak  current  as  5  kA»  allowing  for  100  volts  of  resistive  drop  at  peak 
velocity. 

Thrust  is  given  by:  F  «  j  I2  ■  b  I2,  where* 

N  represents  the  number  of  active  bucket  and  drive  coil  turns, 

dM/dx  is  the  mutual  inductance  gradient  in  henries/toeter 

I  is  the  series  bucket  and  drive  coil  current,  and 

b  defines  a  performance  coefficient  having  the  dimensions 
of  henry /meter. 


The  energy  conversion  efficiency  is  now  given  by 


_b _ 

bv  ♦  R  ' 


where 


R  is  the  total  system  resistance, 
v  is  the  instantaneous  velocity,  and 
b  is  the  coefficient  defined  above. 

The  efficiency  clearly  increases  with  velocity,  asymptotically  a^roaching 
unity.  This  is  a  general  property  of  any  dc-operated  accelerator. 
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To  achieve  reasonable  efficiency,  the  total  systea  resistance 

must  be  kept  below  20  ailli-oha.  This  is  not  a  trivial  accomplishment 

if  the  number  of  active  turns  is  to  be  kept  reasonably  high  with  good 
inductive  coupling. 


On  the  basis  of  experience  M-5"  active  length-*! 

gained  with  the  40  inch  test  ,  ^  ,T*  , 

section,  we  select  the  confi-  _  I 1  I  I  1  EIQ  1  1  ■  I ........ 

guration  shown  at  right:  the  transited  ^^^epoxy^ 

helix  is  made  by  edge-winding  .1"  x  .135"  copper-^  glass-* 

cot ton- insulated  rectangular 
copper  wire,  0.1  x  0,135  inch,  ~  u 

a  N .  -  15  turns  active 

around  an  epoxy-fiberglass  o  •  Q 

coated,  4  inch  i.d.  transite  g  •-  Rd  "  9,66  mini'ohm 

(asbestos)  tube. 

The  helix  has  15  active 

turns  in  an  active  length  of  Fig.  15 

1.5  inch. 

This  active  helix  sec¬ 
tion  will  be  connected  in 
series  with  two  bucket  coil 

sections  in  parallel  flanking  left  I - J - 1  right 

the  active  helical  section.  b°om  I  |  boom 

The  circuit  is  shown  in  Fig.  Slo  *tf>|  £2.0  -  10  if  U 

at  riglit.  '[  V 

If  we  used  one  bucket  coil  >  S 

sections,  as  in  the  tost  helix,  1 ~  I 

the  inve  coil  sections  would  - 

have  to  be  in  parallel  for  to- 

Fiq.  !© 

pological  reasons.  Using  two 

bucket  coils  flanking  a  single  drive  coil  section  perai-.j  iit-.jr  ecu:  :-<j 

since  the  average  coii-to-coU  distance  is  smaller,  m  vlcW  cf  -.nfa*-"  ' 

that  -he  bucket  coils  have  more  build  than  the  sing!  .-layer  ; 

is  n*  ..ena*.,  -r.  resistance,  and  the  added  advantage  that  ;r.l  i  <  -  -  ;  ^ 

brush  cet  i.  recuireU  instead  oi  two.  It  therefore  emerges 

table  decision  to  use  .  .ingi.  active  eectioo  of  th.  holi*.  flank.d  by  two 

bucket  coil,  with  thoir  tom.  located  to  optima,  the  mutual  inductance  gradient. 


length-* 

turns 


transi te 


\  epoxy 
x  .135"  copper-^  glass' 


15  turns  active 
9.66  mi  1  U-ohm 


Fig.  15 


right 

boom 


2.0  Rb  -  10  ir  Q 


*,  -  10  m  Q 
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For  optimum  efficiency ,  the  bucket  coil  resistance  should  be 
about  equal  to  the  drive  coil  resistance.  On  the  basis  of  experience 
with  the  test  helix,  we  select  22  turns  of  0.1  inch  square  copper  wire, 
co-wound  in  two  parallel  starts  (i.e.,  double  wire  winding  of  22  turns, 
the  two  wires  in  parallel).  The  resistance  is  10.18  milli-ohm.  The 
total  winding  mass  of  the  bucket  is  887  grams.  This  includes  two  win¬ 
dings  of  22  turns  each  with  an  i.d.  of  4.4  inch,  and  the  resistance 
corresponds  to  both  windings  in  parallel.  The  circuit  diagram  of  Fig. 

16  shows  the  two  buckets  for  the  two  side-by-side  booms,  each  with  two 
parallel  windings. 

2 

Current  density  is  40  kA/cro  ,  temperature  rise  is  25°C  during  launch. 

To  determine  the  optimum  distribution  of  bucket  windings  and 
predict  the  effectiveness  of  additional  windings  we  have  generated  a  map 
of  the  value  of  the  mutual  inductance  gradient  dM/dx  in  the  vicinity 
of  the  active  drive  helix  turns  (on  one  side  of  the  mid-plane) ,  in 
0.1  inch  grid  points.  This  map  is  shown  on  the  next  two  pages,  which  can 
be  joined  at  the  arrows  as  indicated.  The  numbers  on  this  grid  are  in 
units  of  micro-henry  per  meter,  and  are  directly  proportional  to  the  thrust 
generated  by  a  unit  current  filament  at  the  locations  of  the  gridv  resul¬ 
ting  from  interaction  of  this  current  filament  with  the  entire  distributed 
current  in  the  active  drive  helix  turns.  The  numbers  thus  represent  the 
priority  of  locating  turns  of  the  bucket  coils  which  will  flank  the 
active  drive  helix  section.  The  maximum  thrust  is  generated  at  the  ends 
of  the  drive  helix  (at  the  brush  locations)  (3.93),  and  the  thrust  falls 
off  at  about  equal  rates  in  the  axial  and  radial  directions  from  this 
maximum.  Zt  falls  to  one  half  in  a  distance  of  about  half  an  inch.  Zt 
is  obviously  important  to  locate  the  two  bucket  coils  as  close  to  the 
connutating  brushes  as  possible,  and  to  operate  at  the  highest  current 
density  possible,  subject  to  tolerable  heating  conditions.  The  performance 
(efficiency)  of  helical  launchers  will  therefore  be  highly  sensitive  to 
the  required  repetition  rate  and  to  the  use  of  cooling  methods. 

The  final  page  of  this  section  presents  the  result  of  a  computer 
simulation  in  0.005  second  time  increments  of  the  launcher  performance. 


t  Q  1  v  * 


mi.  launch 
Edit . 


run 

Helical  Rail  Gun  Launcher  Simulation 
this  program  Perform*  a  step  by  step  iteration 
give  the  reouested  parameter*  to  start  execution 
system  resistance 
?  .01 


system  coupling 
?  8e-4 

projectile  mass 
?  10 

storage  capacitor 
?  3 

system  inductance 
?  .004 

launcher  length 
?  5 

time  increment 
?  .005 

initial  voltase 
?  350 


VCAP  ■  capacitor  voltage 

VBEMF  ■  beck-emf  generated  by  moving  bucket 

units  are  KKS 


time 

>< 

vel 

acc 

current 

veep 

vbemf 

0.005 

0  •  00 

0.1 

15.3 

437 

350 

0 

0.010 

0.00 

0.4 

60.4 

869 

349 

0 

0.015 

0.00 

1.0 

133.9 

1294 

347 

1 

0.020 

0.01 

2.2 

233.8 

1709 

344 

3 

0.025 

0.03 

4.0 

357.7 

2115 

341 

7 

0.030 

0.05 

6.5 

502.4 

2506 

337 

13 

0.035 

0.10 

9.8 

663.5 

2880 

333 

23 

0.040 

0.16 

14.0 

835.4 

3231 

328 

36 

0.045 

0.24 

19.1 

1011.2 

3555 

322 

54 

0.050 

0.35 

25.0 

1183.0 

3846 

316 

77 

0.055 

0.49 

31.7 

1342.3 

4096 

309 

104 

0.060 

0.67 

39.1 

1480.3 

4302 

302 

135 

0.065 

0.88 

47.0 

1589.4 

4457 

295 

168 

0.070 

1.14 

55.4 

1663.9 

4561 

287 

202 

0.075 

1.44 

63.9 

1700.4 

4610 

280 

236 

0.080 

1.78 

72.4 

1698.6 

4608 

272 

267 

0.085 

2.16 

80.7 

3661.3 

4557 

264 

294 

0.090 

2.58 

88.6 

1593.4 

4463 

257 

316 

0.095 

3.04 

96.1 

1501.8 

4333 

250 

333 

0.100 

3.54 

103.1 

1393.7 

4174 

242 

344 

0.105 

4.07 

109.5 

1276.5 

3994 

236 

350 

0.110 

4.64 

115.3 

1156.3 

3802 

229  . 

351 

0.115 

5.23 

120.5 

1038.2 

3602 

223 

347 
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THE  6LIDER 

GENERAL  OBJECTIVES 

The  filter  is  intsnted  to  reach  maximum  altitude  belli* tically , 
say  2,000  ft  with  s  launch  vaiocity  of  200  aph#  and  than  axacuta  a 
control lad  glite  to  a  guited  landing  with  a  range  of  savaral  alias.  It 
is  to  sarva  for  tha  tell  vary  of  cargo  ovar  inacct  sib  la  terrain#  and  as  an 
axpandabla  raconnaissanca  vahicla.  It  should  ba  launchabla  froa  a  truck 
at  a  repetition  rata  of  several  seconds.  Tha  cargo  container  and  attach¬ 
able  airfoil  asseably  should  ba  capable  of  compact#  nested  storage  and 
instantaneous  interconnection.  The  parts  should  ba  inexpensive  and  require 
no  critical  distensions  or  adjustments#  the  flight  being  controlled  instead 
by  a  reasonably  smart  on-board  electronic  controller  responsive  to  ground 
coaaands  froa  the  launch  site  and  froa  the  landing  site.  A  reasonable 
choice  of  sise  was  considered  to  be  50  pounds  gross  weight. 

Zt  was  originally  intended  to  build  a  half -sise#  one-eighth  weight 
aotel.  However#  the  launcher  does  not  scale  down  readily  for  electrical 
reasons#  and  energy  was  no  problea.  Zt  was  therefore  decided  to  build  a 
aotel  of  about  half-weight  and  79  percent  sise#  or  perhaps  even  full  sise. 
Zf  performance  expectations  aaterialise#  it  should  be  possible  to  upgrade 
a  launcher  of  saae  sise  to  twice  the  launch  mass. 

The  design  of  the  glider  vehicle  is  very  important  because  usefulness 
of  the  entire  electromagnetic  launcher  concept  depends  on  it#  and  because 
it  represents  a  design  task  which#  to  our  knowledge#  has  never  been  tackled 
previously. 

This  part  of  the  project  was  directed  by  Professor  Sene  Miller,  and 
performed  by  two  persons:  Michael  Palussek#  a  recent  MS  graduate  of  the 
Department  of  Aeronautics  and  Astronautics  did  a  trajectory  analysis,  and 
Marc  Zeitlin#  a  graduate  student  in  the  Department#  designed  and  start ad 
constructing  the  actual  glider. 

Both  of  their  reports  are  included  in  their  entirety.  ~tr  -ra¬ 
vishing  to  examine  the  problea  will  find  all  of  the  detail*  ' 
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f K-,  lECTOR't  ANALVili  (MICHAEL  PALUSZEK) 


j .  Introduction 

The  purpose  of  this  phase  of  the  program  was  to  determine 
the  vehicle  and  launch  configuration  that  would  produce  the 
maximum  range  for  a  given  initial  velocity  at  the  exit  of  the 
electromagnetic  acceJ orator.  The  glider  characteristics  avail¬ 
able  for  modification  were  the  wing  aspect  ratio  (AR)  and  the 
wing  loading.  Given  the  launch  velocity,  the  only  launch 
parameter  that  could  he  varied  was  the  launch  angle,  although 
the  glider  angle  of  attack  was  assumed  to  be  controllable  (if 
desired)  during  flight. 

The  limits  for  allowable  aspect  ratios  and  wing  loadings 
were  calculated  by  the  glider  design  group,  as  were  all  the 
other  vehicle  parameters.  Maximum  launch  weight  and  velocity 
were  given  by  the  accelerator  group.  Table  1,1  summarizes 
the  relevant  information. 


Parameter 


e 

8 

AR 


vi 


Value  (or  range) 
.03 

23kg 

2* 

.95 

.2b1  -  .65a2 
6  to  13 
88m/sec 


Table  1.1  Glider  Data 
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The  basic  procedure  was  to  numerically  integrate  the  equa¬ 
tions  of  motion  to  obtain  the  flight  path,  and  maximum  range, 
varying  AR,  yi  and  m/s  in  a  heuristic  fashion  until  the  maxi¬ 
mum  range  was  achieved.  No  attempt  was  made  to  formally  opti¬ 
mize  the  glider. 

Since  the  philosophy  was  to  design  as  simple  a  glider  as 
possible  the  emphasis  was  on  simple  vehicle  controls,  unless  a 
large  gain  in  range,  commensurate  with  the  increase  in  complex¬ 
ity,  could  be  obtained.  The  cases  studied  were  the  fixed  angle 
of  attack  case  and  the  ballistic  launch  case,  where  the  wing 
produces  lift  only  once  the  trajectory  peak  is  reached. 

This  report  is  divided  into  three  parts  detailing  the 
equation  of  motion,  the  numerical  techniques  and  the  results 
respectively.  Copies  of  the  computer  code  are  included  as  an 
appendix. 
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2.  'i'ijc  Equations  of  Motion 

Trie  equations  of  the  motion  were  written  in  the  flight 
path  axis,  as  illustrated  in  Figure  2.1,  by  the  balancing  of 
forces.  The  equations  are: 


where  y  is  the  angle  to  the  horizontal,  m  is  the  glider  mass, 
v  its  velocity,  g  the  acceleration  of  gravity,  D  the  total 
drag  and  L  the  total  lift. 


The  drag  is  defined  by  the  equation 
D  «  ^  pv2 A  CD 


(2.2) 


where  p  is  the  air  density,  the  drag  coefficient  and 
A  is  the  drag  reference  area.  The  lift  is  similarly  defined 
as 


L 


(2.3) 


where  S  is  the  lifting  surface  area  and  C.  is  the  lift 

ii 


coefficient. 
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The  drag  coefficient  is  composed  of  two  elements,  one 
is  the  lift  independent  drag  and  the  other  the  drag  induced 
due  to  lift. 

CL2 

C  =  C  +  — 

D  Dp  ireAR  (2.4) 


The  lift  coefficient  is  derived  from  thin  airfoil  theory 
and  is 


c  -Cl> 

L'rTCLy  “ 


tiAR 


(2.5) 


CLa=  271 


The  air  density  is  assumed  to  be  an  exponential  function 
of  altitude  and  is  given  by 

p  =  1.2  e"h/6341 


with  p  in  kg/m3 


(2.6) 


3.  Numerical  Methods 
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A  fourth  order  Runge-Kutta  method  was  used  to  integrate 
the  equations  numerically.  The  four  equations  of  motion  are 
arranged  as  follows 

du  _  -D/  -g  sin  y 

at "  m 


dY  _  L  -g/„  cos  y 
dt  mv 


dv 

gj  =  v  cos  y 


dv 

3t  “  v  sin  y 


(3.1) 


The  right  hand  sides  are  functions  of  V,  y  and  y. 

The  algorithm  used  is  an  extension  of  the  two  first  order 
equation  case  as  given  in  Hildebrandt. 2  The  error  is  on  the 

4 

order  of  (At)  .  For  the  trajectory  analysis  At  ■  1  sec  and 
the  algorithm  was  implemented  on  a  PDP  11/10  using  single 
precision  arithmetic. 


4.  Results  and  Conclusions 
4.1  Introduction 

In  order  to  establish  a  baseline  vehicle  a  wide  variety  of 
vehicle  configurations  were  simulated  on  the  computer.  The 
cases  can  be  grouped  into  three  general  types;  ballistic,  fixed 
angle  of  attack  and  variable  angle  of  attack.  Maximum  ranges 
and  optimum  launch  angles  were  calculated  for  all  the  cases  and 


the  results  used  to  choose  a  configuration  for  actual  construe- 


4.2 
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The  Ballistic  Vehicles 

The  simplest  case  was  the  ballistic  projectile  with  no 

lifting  surfaces.  With  a  drag  coefficient  of  CD  -  .03  and 

P 

a  launch  angle  of  45°  the  range  was  644m.  With  CD  =  .001 

P 

this  range  increased  to  804  m.  Essentially,  this  is  an  artillery 
shell  with  no  controls  and  the  simplest  structure,  due  to  the 
absence  of  wings. 

4.3  The  Constant  Angle  of  Attack’ 

The  constant  angle  of  attack  configuration  was  the  next 

simplest  design  with  the  wing  preset  at  a  given  angle  of  attack 

and  no  active  controls.  The  improvement  in  range  over  the 

ball  tic  case  (with  equal  CD  )  was  113  m  for  an  aspect  ratio 

P 

of  i.  and  192.4  m  for  an  aspect  ratio  of  13.  The  reason  for 
this  relatively  poor  performance  is  the  need  to  maintain  stable 

*  p 

flight  over  a  wide  velocity  range  and  during  the  very  steep 
climb.  Unless  the  angle  of  attack  at  launch  is  kept  well  below 
the  angle  for  optimum  L/D  the  glider  will  loop.  Besides  the 
short  range,  this  configuration  has  very  high  landing  velocities 
unless  provisions  are  made  for  a  flare  at  landing. 


4.4  The  Variable  Angle  of  Attack 

Since  it  is  difficult  to  obtain  good  range  in  a  vehicle 
designed  for  a  high  velocity  boost  and  for  gliding ,  the  ob¬ 
vious  step  was  to  separate  the  two  flight  conditions  and  opti¬ 
mize  for  each  with  some  simple  control  system  providing  the 
transition.  The  result  was  a  combination  of  the  previous  two 
cases  with  a  ballistic  launch  and  lifting  glide.  The  wings 
are  deployed  on  launch  but  are  set  to  provide  no  lift.  At  the 
peak  of  the  trajectory  an  actuator  sets  the  wings  at  the  angle 
of  attack  for  maximum  L/D  as  determined  by  the  relationship. 


(4.4.1) 


If  the  air  density  does  not  vary  significantly  this  will 
produce  the  maximum  glide  distance.  The  glide  distance  for 
the  constant  angle  of  attack  is^  • 


(4.4.2) 


where  h  is  the  altitude  and  v  the  velocity.  Since  p  varies 
less  than  5%  in  all  the  analyzed  trajectories,  this  relation¬ 
ship  is  good  for  the  cases  of  interest. 


Tne  free  parameters  for  this  analysis  were  taken  to  be 
the  launch  angle,  AR  and  s,  the  wing  surface  area,  y^ 
determines  the  peak  height  of  the  trajectory  and  the  cross¬ 
range  during  the  ballistic  flight  while  the  latter  two,  along 
with  the  trajectory  peak,  determine  the  gliding  range. 

The  procedure  was  to  find  an  optimum  combination  of  yi 
and  s  for  every  given  AR,  then  to  compare  the  optimums  at 
each  AR  with  each  other. 

Figures  4.1  and  4.2  give  maximum  ranges  vs.  wingloading 
for  AR  *  6  and  13,  respectively.  Each  maximum  is  achieved  at 
a  given  optimum  launch  angle  which  is  given  in  figures  4.3  and 
4.4.  For  each  AR  there  is  a  wingloading  that  gives  maximum 
total  crossrange.  The  peak  range  is  achieved  with  wing loadings 
on  the  order  of  9.5  to  10  lbs/ft2.  The  roll  off  in  range 
after  the  peak  is  due  to  the  increase  in  drag  during  ballistic 
flight  which  reduces  the  trajectory  peak  and  the  ballistic 
crossrange. 

Figure  4.5  gives  the  maximum  ranges  versus  AR  for  AR  rang¬ 
ing  from  6  to  20.  The  variation  with  AR  is  nearly  linear. 
Theory  predicts  that  for  gliding  flight  at  optimum  L/D  the 
range  should  vary  as  AR.  This  proves  to  be  the  case  when 
the  ballistic  crossrange  is  subtracted  from  the  total  range 
and  the  increase  in  peak  trajectory  height  is  accounted  for. 


S800 


Figure  4.2  Maximum  Range  vs.  Wing loading 
for  Ballistic  Launch 


Figure  4.4  Optimum  launch  angle  vs.  wing  area 
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4.6  Conclusions 


51 

-15- 


Table  4.1  gives  a  summary  of  the  data  for  all  the  cases 
examined.  Figure  4.6  shows  representative  trajectories  for 
the  ballistic,  constant  angle  of  attack  and  variable  angle 
of  attack  cases. 

The  best  configuration  is  the  variable  angle  of  attack 
design  with  as  large  as  aspect  ratio  as  possible.  The  only 
limit  to  aspect  ratio  would  be  due  to  structural  considerations. 
The  wing  loading  should  lie  between  9.5  and  10  lbs/fts  and 
launch  angles  will  be  in  excess  of  70°.  Any  limits  due  to 
diminishing  returns  on  AX  will  only  occur  for  very  large  AR 
when  the  AR  law  begins  to  reassert  itself  as  y ^  reaches  a 
limit.  A  further  limit  may  be  that  the  high  angles  of  attack 
needed  for  optimum  L/D  at  large  AR  may  be  difficult  to  realise. 
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Figure  4.6  Trajectories  for  Ballistic  with  CQ  -  .03,  Fixed  a  AR-13, 
Ballistic  Launch:  AR  ■  6:  AR  »p  13 
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Table  4.1  Summary  of  Results 


Case 

*i 

S 

a 

max  range 

Deg 

m2 

Deg 

m 

ballistic 

(CD  = 

.001) 

45 

0 

0 

808 

ballistic 

P 

(V 

.03) 

45 

0 

0 

644 

fixed  a 

AR  =  6 

0 

.2 

8.9 

757 

AR  13 

0 

.3 

5 

836 

variable  a 

,  ballistic 

launch 

AR  ■  6 

65 

.50 

8.9 

3744 

10 

70 

.45 

10.5 

4940 

13 

70 

.45 

11.4 

5715 

16 

70 

.50 

12.3 

6362 

20 

70 

.50 

13.4 

7155 
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APPENDIX 


The  Computer  Program 


TYPE  DLOJTRJ.FOR 

C  THIS  PROGRAM  USES  THE  RUNGE  KUTTA  INTEGRATION 
C  TECHNIQUE  TO  SOLVE  THE  LONGITUDINAL  EQUATIONS 
C  OF  MOTION  FOR  AN  ELECTROMAGNETICALLY  LAUNCHED 
C  GLIDER 

REAL  L»Mf LOVERD 

COMMON/ AEROPR/CDF* » CLALPH  vSt ARrEr A»Mr ALPHA  r  AUNDER 
10  FORMAT ( 40H  INPUT  CDPfCLALPHAf ARfEfM  FOR  THE  GLIDER) 

ill  FORMAT ( 40H  CDP  IS  THE  LIFT  INDEPENDENT  DRAG  COEFF. 

1/26H  CLALPH  IS  THE  LIFT  COEFF# 

2/22H  S  IS  THE  SURFACE  AREA 

3/28H  AR  IS  THE  WING  ASPECT  RATIO 

4/1 VH  E  IS  THE  AERO*  EFF 

S/14H  M  IS  THE  MASS 

6/22H  A  IS  THE  FRONTAL  AREA) 

TYPE  11 
TYPE  10 
PI-3 • 14159 

16  FORMAT ( 5F12 • 4 ) 

15  FORMAT  <4F12*4) 

REAO( 5 v 16)  CDPrCLALPHf ARfEfM 
CL ALPH=CLALPH/ < 1 . +CLALPH/ <  PI *AR  >  > 

20  FORMAT (26H  INPUT  DT  IN  SECS* YOfXOfUO) 

TYPE  20 

READ ( 5 v 1 5 )  DTfYIfXIfVI 
151  FORMAT (23H  INPUT  DEPLOYMENT  GAMMA) 

TYPE  151 

READ<5» 1  IB)  GAMMAD 
GO  TO  150 

147  FORMAT (29H  INPUT  ANGLE  OF  ATTACK  IN  DEG) 

150  TYPE  147 

READ ( 5 *118)  ALPHIN 
ALPHIN*ALPHIN*3 #14159/180. 

IF ( ALPHIN  *GE »  0.)  GO  TO  167 
ALPHIN=SQRT(PI*E*AR*CDP/CLALPH**2.) 

IF ( ALPHIN  * GT •  .2792)  ALPHIN*. 2792 
118  FORMAT (F12  *  4 ) 

155  FORMAT ( 17H  ANGLE  OF  ATTACK**F8.3*5H  DEG.) 

TYPE  155»  ALPHIN*180./PI 
160  FORMAT (6F12.4 ) 

157  FORMAT (52H  INPUT  LIMITSrSI »SF» DELTAS fOAMMAI 

ltGAMMAF t DELTA  GAMMA) 

167  TYPE  157 

READ(5» 160)  SI vSF » DELS>GI »GF  r DELG 
GI=PI*GI/180. 

GF*PI*GF/180. 


DELG*PI*DELG/180. 

S=SI-DELS 
175  S=S+DELS 

A*S 

GAMI*GI-DELG 

IF(S  .GT .  SF+DELS/2. )  GO  TO  1000 
170  FORMAT < 15H  WING  LOADING  *tF8.3*8H  LBS/FT2) 

TYPE  170rM/S*.S044 
185  GAMI*GAMI+DELG 

IF(GAMI  .GT .  GF+DELG/2.)  GO  TO  175 

X*XI 

Y»YI 

0*01 

GAM*GAMI 

IA*0 

C  THESE  ARE  THE  RUNGE  KUTTA  SUBROUTINE  CALLS 
C  X  IS  THE  HORIZONTAL  DISTANCE*  Y  THE  ALTITUDE 
C  AND  GAM  IS  GAMMA  THE  FLIGHT  PATH  ANGLE 
200  ALPHA»ANGLE <  Y  *  GAM  * ALPHIN  *  I A  *  GAMMAD  > 

210  00»DT*F1 ( Y  *  0* GAM) 

GAM0=DT*F2(Yf0fGAM> 

X0*DT*F3<Y /OrGAM) 

Y0»DT*F4< YrOrGAM) 

01 *DT*F 1 <  Y+ . 5*Y0  *  0+ .  5*00  *  GAM+  .  5*GAM0  > 
GAM1«DT*F2  <  Y+ . 5*Y0  *  0+ . 5*00  *  GAM+ . 5*GAM0 ) 
X1-DT*F3  <  Y+ . 5*Y0  *  0+ .  5*00  *  GAM+ .  5*GAM0  > 
Y1»DT*F4< Y+ .5*Y0r0+ .5*00*GAM+ .5*GAM0) 

02*DT*F1 <  Y+ . 5*Y 1  *  0+ . 5*01  *  GAM+ . 5*GAM1 ) 
GAM2*DT*F2 <  Y+ . 5* Y 1  *  0+ . 5*01  *  GAM+ . 5*GAM1 > 
X2«DT*F3  <  Y+ . 5*Y 1  *  0+ . 5*01  *  GAM+ . 5*GAM1 > 
Y2*DT*F4<Y+.5*Y1*0+.5*01*GAM+.5*GAM1> 

03«DT*F 1 <  Y+ Y2  *  0+02  *  GAM+GAM2 ) 

GAM3»DT*F2 ( Y+Y2  *  0+02  *  GAM+GAM2 ) 

X3*DTttF3 <  Y+ Y2  *  0+02  *  GAM+GAM2 ) 

Y3*DT*F4<  Y+Y2  »0+02*GAM+GAM2) 

0*0+1 . /A . * ( 00+2 . *0 1 +2 . *02+03 ) 

GAM-GAM+1 . /A . *  < GAM0+2 . *GAMl+2 . *GAM2+GAM3 > 

X*X+ 1 . /A . *  <  XO+2 . *X 1 +2 . *X2+X3 ) 

Y*Y+1 . /A . * ( YO+2 . *Yl+2 . *Y2+Y3  > 

IF< Y  .GT.  0.1  .AND.  0  .GT.  1.)  GO  TO  200 
LQOERD* WL I FT  <  Y  *  0  *  S  *  CL ALPH  t  ALPHA ) / 

1 DRAG ( Y  *  0  *  CDP » CL ALPH  »  A  f  ALPHA  *  AR  t  E » 0 • ) 

TYPE  555*GAMI*180./PIfSfXfL00ERD*0f0*SIN<GAM> 
555  FORMAT ( 15H  GAMMA  INITIAL* *F4 .Of 11H  WING  AREA 
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1~  f  F6  *  2  f 3H  X=fF6.1f5H  L/D=fF6.2r3H  V=fF6.1f4H  VY=fF6.1> 
GO  TO  185 
1000  END 

C  THESE  ARE  THE  RIGHT  SIDES  OF  THE  DN/DX= 

c:  for  n:  OfGamfXfY 

FUNCTION  FKYfVfGAM) 

REAL  M 

COMMON/ AEROPR/CDP f  CLALPH  f  S  f  AR  f  E  f  A  f  h  f  ALPHA  f  AUNDER 

G-?  *8 

D-D RAG ( Y  f  0  f CDP  f  CLALPH  f  A  f  ALPHA  f  AR  f  E  f AUNDER ) 
F1«-D/M-G*S1N<GAM> 

RETURN 

END 

FUNCTION  F2 ( Y f V f GAM ) 

REAL  MfL 

COMMON/ AEROPR/CDP  f  CLALPH  f  S  f  AR  f  E  f  A  f  N  f ALPHA  f  AUNDER 
G~9  ♦  8 

L~UL I FT ( Y  f  V  f  S  f CLALPH  f  ALPHA ) 

F25=L/H/U-G/V*COS ( GAM ) 

RETURN 

END 

FUNCTION  F3(Yf0fGAM) 

F3-V*C0S<GAM> 

RETURN 

END 

FUNCTION  F4 ( Y  f  Of  GAM ) 

F4-~V*8IN(GAM) 

RETURN 

END 

C  THIS  FUNCTION  COMPUTES  THE  DRAG 

FUHCT I  ON  DRAG ( Y  f  V f CDP  f  CLALPH f  A  f  ALPHA  f  AR  f  E  f AUNDER ) 
RHO-DENS(Y) 

CD- C DPT CL ( ALPHA f  CLALPH fUf Y  > **2/3 . 1 4 159/E/AR 

DRAG5'  .  5*RH0*V**2 .  *A*CD 

RETURN 

END 

C  THIS  FUNCTION  COMPUTES  THE  LIFT 

FUI iCT 1 UN  WL I FT (YfUfSf CLALPH f ALPHA > 

RHO-DENS(Y) 

WL l FI « . 5*KH0*U**2 • *S*CL  <  ALPHA  f  CLALPH  fVf Y> 

RETURN 

FND 


FUNCTION  DENS (ALT) 

DENS-i .2#EXP(-ALT/6341 ♦ > 

IF(ALT  .LT ♦  .01)  DENS«1<2 

RETURN 

END 

C  THIS  FUNCTION  COMPUTES  THE  LIFT  COEFFICENT 
FUNCTION  CL( ALPHA pCLALPHp Up Y) 

REAL  MACH 
RHO»DENS( Y) 

A-291 . 102*SQRT(RHQ) 

MACH-V/A 

IF (MACH  .LT.  .98  .AND.  MACH  .GE.  0.)  GO  TO  20 
TYPE  15p Yp ApMACH 

15  FORMAT (3H  V»pF12.4p3H  A»pF12.4p6H  MACH«pF12.4) 

STOP 

20  COEFF-1 ./SQRT( 1 .-MACH**2) 

CL«CLALPH*ALPHA*COEFF 
RETURN 
END 


.TYPE  DLO. ANGOFA.FOR 

FUNCTION  ANGLE ( Y  p GAM  p ANGI N p I A p GAMMAD ) 

IF ( IA  .EQ.  1)  GO  TO  20 

IF(GAM  .LE.  GAMMAD*3. 14159/180.)  GO  TO  20 
IA*0 

ANGLE-0. 

RETURN 

20  ANGLE-ANGIN 

IA-1 
RETURN 
END 
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INITIAL  DESIGN  (MARC  ZEITLIN) 

I .  Introduction 

The  purpose  of  the  initial  phase  of  the  design  process 
was  to  arrive  at  a  design  for  a  glider  that  will  be  launched 
from  an  electromagnetic  launcher.  The  full  scale  glider  will 
have  a  gross  weight  of  22.7  kg.  (50  lb.),  and  to  have  the 
same  aerodynamic  characteristics,  the  half -scale  model  will 
have  a  gross  weight  of  5.7  kg.  (12.5  lb.).  The  glider  should 
be  as  light  as  possible  to  allow  a  large  payload  and  should 
have  the  maximum  possible  range.  It  should  be  very  strbng 
to  withstand  the  launching  forces,  which  will  be  a  lOOg 
(980  m/sec7)  acceleration  to  a  maximum  velocity  of  88  m/sec 
(200 *m.p;h. ).  Knowing  that  the  glider  will  need  to  be 
repaired  after  mishaps,  an  easily  repairable  model  is  also  a 
necessity. 

Since  this  is  the  first  model  to  be  launched  by  this 
method,  an  emphasis  was  placed  bn  getting  the  concept  to  work, 
however  well  or  poorly,  and  refining  the  capabilities  in 
later  models.  In  this  light,  tradeoffs  were  made  in  the 
payload  and  range  capabilities  to  ensure  strength,  durability, 
repairability,  and  simplicity. 

This  report  is  devided  into  three  parts,  showing  the 
Design  Process,  the  Resultant  Glider  Design,  and  the  Project 
Status. 

II  The  Design  Process 

The  first  step  in  the  design  process  (arbitrarily  chosen 
as  first)  was  to  determine  the  aerodynamic  characteristics 
of  a  glider  with  assumed  structural  characteristics.  The 
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ma  ior  characteristic  examined  was  the  glide  ratio,  a  direct 
determinant  of  the  range,  as  a  function  of  wing  geometry, 
specifically  wing  loading  and  wing  aspect  ratio.  A  graph  of 
this  is  shewn  in  figure  1. 

The  second  step  was  to  design  a  structure  to  fit  the 
aerodynami c  characteristics  chosen  while  trying  to  minimize 
weight,  and  using  a  safety  factor  of  two  in  the  strength 
analysis.  Many  structural  possibilities  were  examined  and 
compared  to  obtain  the  required  simplicity,  strength,  durability, 
and  repairability . 

Since  the  second  step  produces  a  structure  different 
from  the  assumed  one  in  part  one,  it  is  seen  that  steps  one 
and  two  must  be  iterated  through  many  times  to  obtain  consis- 
tant  aerodynamic  and  structural  characteristics. 

The  third  step  involved  examining  the  stability  of  the  . 
design.  The  stability  was  analyzed  using  methods  found  in 
reference  1.  The  stability  criterion  were;  stable  in  both 
short  period  and  phugoid  longitudinal  occillations,  and  stable 
in  rolling,  dutch  roll,  and  spiral  lateral  occillations. 

To  obtain  a  glider  consistant  with  all  the  stability 

criteria,  steps  one  and  two  must  be  repeated,  and  then  all 
three  steps  iterated  many  times  to  achieve  consistant  struct¬ 
ural,  aerodynamic,  and  stability  characteristics. 

The  results  of  these  iterations,  the  half-scale  model 
glider  design,  will  be  presented  in  the  next  section. 
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III.  The  Resultant  Design 

A)  Overview: 

A  sketch  of  the  half -scale  model  glider  is  shown  in  /* 
figure  two,  and  the  physical  characteristics  are  given  in 
Appendix  A.  This  model  is  a  h igh -mid -wing, f pod  and  twin-boom, 
twin  rudder  configuration.  This  is  a  very  modular  design 
and  allows  for  easy  construction  and  repair,  as  the  model 
seperates  easily  into  three  main  sections i  wing,  fuselage  pod, 
and  tail  and  booms. 

The  large,  high  aspect  ratio  wings  provide  a  respectable 
glide  ratio  of  20  when  coupled  with  the  low  drag  of  the  . 
streamlined  fuselage  and  tail.  The  model  has  a  payload  of 
over  50%  of  gross  weight.  The  strength  of  the  craft  has  not 
been  jeopardized  by  obtaining  these  performance  figures, 
and  it  is  projected  that  better  performance  will  be  obtained 
in  later  models. 

B)  Structure: 

The  wing  is  a  styrafoam  core  covered  with  two  layers 
of  epoxy  impregnated  graphite  cloth.  This  imparts  a  very 
high  strength-  high  stiffness  quality  to  the  wing  while 
retaining  very  low  weight.  Since  the  limiting  factor  for  the 


4. 


M-  62 


wing  skin  was  the  torsional  stiffness,  graphite  was  chosen 
over  either  fiberglass  or  Kevlar,  for  its  stiffness-to-weight 
ratio . 

The  fuselage  pod  is  a  standard  spruce  stringer  plywood 
bulkhead  and  skin  construction.  This  was  chosen  for  ease  of 
construction  and  repair.  The  control  system  mounts  in  the 
front  of  the  pod  while  the  payload  sits  beneath  the  wing. 

The  wing  and  booms  screw  into  the  two  rear  bulkheads. 

The  booms  are  thin  wall  aluminum  tubing,  chosen  for 
availability  and  price,  along  with  ease  of  construction  and 
repair.  The  stiffness  of  the  booms  is  important,  and  the 
aluminum  provides  this  while  still  being  lightweight. 

The  tail  is  balsa  sheet,  chosen  for  lightness. 

C)  Controls* 

The  stability  analysis  has  indicated  that  a  two  control 
surface  system,  consisting  of  elevator  and  rudder,  is  sufficient, 
and  that  is  what  is  provided  for  in  the  half -scale  model. 

The  control  surfaces  are  to  be  actuated  by  a  standard  model 
airplane  radio  control  system  manufactured  by  Kraft  and 
consisting  of  a  transmitter,  receiver,  battery  pack,  and 
two  servos.  All  but  the  transmitter  (human  operated)  are 
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carried  in  the  glider. 

The  trajectory  analysis,  carried  out  in  Michael  Paluczek's 
report,  shows  a  trajectory  consisting  of  a  ballistic  launch 
followed  by  a  controlled  glide  at  a  constant  glide  speed. 

The  glider  will  be  trimmed  (using  the  control  system)  for 
zero  lift  for  the  ballistic  portion  of  the  flight,  and  at  the 
apex  of  the  trajectory,  when  the  vehicle  has  slowed  to 
gliding  speed,  the  controls  will  trim  the  aircraft  for  maximum 
glide  ratio  flight. 

The  human  operatbr  is  included  in  the  first  model  design 
to  cope  with  any  unforseen  control  problems. 

D)  Stability* 

The  glider  as  shown  is  stable  in  all  occillatory  modes 
mentioned  at  both  launch  velocity  and  glide  velocity,  along 
with  all  the  velocities  in  between.  The  glider  has  natural 
frequencies  and  time  constants  for  all  occillations  that 
quickly  return  the  glider  to  normal  gliding  flight. 

The  stability  derivatives  and  occillation  modes  are 
given  in  Appendix  B. 

IV.  Pro  ject  Status  (6/VQO) 

At  this  point  in  the  project,  parts  and  assembly 
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crawings  have  been  drawn  for  each  part.  All  parts  have  been 
procured  except  the  styrafoam,  graphite,  and  epoxy.  The 
foam  will  be  bought  from  Sterling  Ind.  in  Waltham,  the  graphite 
cloth  from  Fiber! te,  and  the  epoxy  from  the  Magnet  Labs. 

Two  gliders  are  under  construction,  and  two  sets  of 
tail  surfaces  are  completed.  Two  sets  of  tail  booms  are  75 % 
complete,  and  two  fuselage  pods  are  50£  complete.  After  I 
return  from  vacation  in  August,  approximately  two  weeks  will 
be  necessary  to  completely  finish  both  gliders.  Projected 
first  flight  will  be  during  the  last  week  of  August,  with  an 
electromagnetic  launch  occurring  sometime  in  September. 
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Figure  1 
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Appendix  A 


Gros^  Weight 
Empty  Weight 
Wing  Loading 
Wing  Area 
Aspect  Ratio 
Span 
Chord 

Thickness/Chord 

Airfoil 

Length 

Fuselage  Diameter 
Vertical  Tail  Area 
Horizontal  Tail  Area 
Dihedral  Angle 


5.7  kg. 

**2.8  kg. 

240  newtons/meter 
0.232  meter2 
10 

1 . 52  meters 
0.15  meters 
0.18 

NACA  653-4l8 
1.1  meters 
0,125  meters 
320  cm.2 
250  cm.2 
10i  degrees 
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Stability  Derivatives; 
Longitudinal; 


0.384 

-5.48 

5.48 

-1.64 

-0.04 

-0.0035 

0 

-3.942 

-20.75 

-0.788 


C 


m 


=  -4.15 


a  =  5*24 


Lateral ; 

Ch  =  0.12  +  0.0075  C1 

Cy  =  -0.2715 

=  -0.1288  -  0.03  C1 


C,  =  -0.375 
P 

C  =  0.0136  -  0.1  C 

P 

cv  =  0.2853 

Jr 

C,  =  0.0136  +  0.275  C. 

Ar  A 

Cn  =  -0.1574  -  0.01  Cj 


•'11.  03 


@ 

25  m/sec 

@  100  m/sec 

Short  Mode: 

• 

Period:  0.665  sec 

0.166  sec 

Halving  Time:  0 

.18  sec 

0.045  sec 

Cycles  to  Halve: 

0.271  cycles 

0.271  cycles 

Phugoid  Mode: 

Period:  . 

11.4  sec 

- 

Halving  Time: 

55*3  sec 

- 

Cycles  to  Halve: 

4.85  cycles 

Spiral  Mode: 

Halving  Time 

116.4  sec 

0  sec 

Rolliftg  Modei« 

Halving  Time* 

0.092  sec 

0.026  sec 

Dutch  Roll  Mode* 

Period  1 

1.04  sec 

0.293  sec 

Halving  Time* 

2.286  sec 

0.239  sec 

Cycles  to  Halve* 

2.2  cycles 

0.8  cycles 

12.70 
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PULSED  COIL  DYNAMICS 

There  is  a  category  of  accelerators  based  on  the  use  of  a  line 
of  adjacent,  coaxial  pulsed  drive  coils,  each  drive  coil  being  supplied 
with  a  current  pulse  synchronized  With  the  passing  bucket.  In  the  case 
of  mass  drivers,  the  bucket  coils  carry  a  persistent  superconducting 
current,  and  the  drive  coils  are  energized  by  SCR  switches  triggered  on 
the  basis  of  position  sensors.  Acceleration  in  this  case  is  limited  by 
the  current  or  energy  handling  capability  of  available  SCR s.  It  is 
possible  to  achieve  higher  performance  however  by  switching  the  pulsed 
current  by  means  of  a  spark  or  arc  triggered  by  the  vehicle  itself. 

Such  arc-commutated  synchronous  impulse  accelerators  can  operate  with 
energized  bucket  coils  (superconducting  or  brush-fed) ,  or  bucket  coils 
which  are  simply  short-circuited  and  are  energized  by  induction,  like  a 
brass  washer  being  repelled  by  a  pulsed  field  coil.  The  melting  limit 
in  such  accelerators  is  very  high,  and  performance  is  limited^in  practice 
by  failure  of  the  pulsed  drive  coils. 

Massive  helical  and  spiral  pulsed  field  coils,  such  as  are  used  for 
metal  forming  and  solid  state  research,  have  been  studied  on  a  number  of 
occasions,  but  the  kind  of  thin  coils  which  must  be  used  in  synchronous 
accelerators,  i.e.,  coils  whose  build  is  small  compared  to  their  diameter, 
have  never  been  studied.  The  performance  limit  of  such  coils  is  completely 
unknown,  and  there  exists  no  data  base  suggesting  how  their  performance 
limit  can  be  maximized.  For  example,  is  it  better  to  surround  a  drive 
coil  with  lead  or  with  pre-stressed  glass  dr  boron  filaments? 

Considered  statically,  a  thin  coil  is  subjected  simply  to  radial 
expansion  forces  (hoop  stress).  If  it  has  any  appreciable  length,  it  is 
also  subjected  to  axial  compression  which  may  be  the  dominant  failure  mode. 
A  coil  will  tend  to  become  spherical,  just  as  if  it  were  containing  a 
compressed  gas  between  imaginary  end  plates.  Static  stress  analysis  is 
applicable  in  the  slow  pulse  regime,  say  in  the  range  of  one  to  tens  of 
milliseconds.  Containment  in  this  range  is  most  easily  accomplished  by 
using  a  pre-stressed  hoop  or  reinforced  conductor,  or  both. 
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Under  faster  pulse  conditions,  say  from  several  microseconds  to  a 
millisecond,  stress  containment  is  predominantly  dynamic.  In  addition, 
the  situation  is  complicated  by  other  effects.  Current  and  magnetic  field 
no  longer  penetrate  the  entire  conductor,  being  limited  by  skin  depth 
effects.  Percussive  forces  overcome  the  friction  which  keeps  steady  state 
coils  from  simply  unwinding.  In  the  absence  of  friction  the  turns  of  a 
coil  no  longer  behave  independently  but  act  mechanically  in  series,  each 
turn  adding  its  force  to  that  of  the  preceding  turn  like  members  of  a 
tug-of-war  team  pulling  on  a  single  rope.  Cumulative  forces  are  now 
applied  to  the  insulation  between  layers.  In  addition,  inductive  effects 
make  high  voltages  appear  between  coil  layers  and  at  terminal  connections. 
Coil  wires  are  also  subjected  to  image  forces  generated  by  eddy  currents 
induced  in  nearby  metal  structures,  including  the  bucket  being  accelerated. 
The  situation  is  too  complicated  for  failure  modes  to  be  predicted,  and 
it  is  therefore  necessary  to  develop  an  understanding  of  fche  problems  by 
a  combined  program  of  experimentation  and  analysis. 

For  this  purpose  we  have 
constructed  a  test  jig  shown 
at  right,  in  which  thin  pulsed 
coils  can  be  tested  to  failure, 
either  without  proximity  of 
metal,  or  near  an  aluminum 
reaction  plate  which  simu¬ 
lates  axial  repulsive  forces 
due  to  a  neighboring  drive 
coil  or  due  to  the  bucket 
coil  being  accelerated. 

The  jig  is  contained  in 
a  plywood  strongbox.  Defor¬ 
mation  was  measured  by 
unwinding  the  coil  win  and 
noting  its  change  in  length, 
but  provisions  have  been 
made  for  strain  gages. 


Fig.  17.  Coil  testing  Jig 
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Tests  were  done  with  copper  wire,  aluminum  wire,  and  a  readily 
available  reinforced  copper  wire  in  the  form  of  niobium-titanium  super¬ 
conductor  made  of  niobium-titanium  filaments  having  very  high  tensile 
strength  embedded  in  about  three  time  their  cross  section  of  copper  matrix. 
Energy  was  obtained  from  modules  of  the  electrolytic  capacitor  bank. 

Pulse  durations  thus  far  have  been  in  the  range  where  coil  failure  is 
either  thermal,  or  governed  by  purely  static  considerations.  The  fast 
capacitor  bank  will  eventually  be  used  to  operate  in  the  range  where 
containment  is  dynamic.  In  the  dynamic  range  an  impulse,  the  time-integral 
of  a  force  which  is  proportional  to  current  squared,  is  delivered  to  the 
conductor  in  a  time  too  short  for  any  motion  to  occur.  After  the  impulse, 
the  conductor  is  left  with  momentum  locally  equal  to  the  force  integral, 
which  is  equivalent  to  a  kinetic  energy  distribution.  This  kinetic 
energy  is  then  dissipated  against  restoring  forces  either  within  the 
elastic  limit,  or  else  under  plastic  flow  conditions  if  the  elastic  limit 
is  exceeded.  It  is  in  this  range  that  local  mass  concentrations  coupled 
to  the  conductor  may  be  more  effective  for  force  containment  than  high- 
strength  reinforcement. 

The  coil  dynamics  project  was  conducted  by  Os  a  Fitch  as  an  experimental 
project  for  academic  credit,  with  supervision  by  W.  Markey  and  A.  Shaw. 
Several  other  undergraduate  students  also  participated  in  the  work,  notably 
Ken  McKinney,  who  assisted  with  computer  programming.  More  details  of  this 
study  are  contained  in  Osa  Fitch's  report,  which  is  attached  as  Appendix  A. 
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THE  MOMENTUM  TRANSFORMER 


BASIC  PRINCIPLE 

Conventional  kinetic  energy  pene- 
trators  are  typically  35  mm  caliber 
tungsten  darts  which  are  accelerated  in 
a  105  on  barrel  by  means  of  a  sabot  which 
breaks  away  when  leaving  the  nussie. 

The  kinetic  energy  of  the  sabot  is  lost. 

It  is  possible  in  principle  to 
transfer  soma  of  the  sabot's  energy  to 
the  penetrator,  transferring  momentum 
from  a  massive,  slowly  moving  assembly 
to  a  lighter,  faster  moving  part  of  it. 
The  penetrator  could  thus  be  made  to 
emerge  at  a  significantly  higher  velocity 
than  can  be  achieved  in  a  chemical  gun. 

The  process  is  based  on  the  prin¬ 
ciple  of  the  flux  concentrator,  a  de¬ 
vice  developed  at  NIT  in  1960  and  used 
to  achieve  strong  pulsed  fields  for 
research  and  for  metal  forming  applies-  ■ 
tions.  When  a  funnelled  metal  cylinder 
with  a  radial  slot  is  surrounded  by  a 
pulsed  field  coil  as  shown  in  Fig.  19  ? 
eddy  currents  induced  in  the  metal  as 
indicated  cause  all  the  magnetic  flux 
which  would  have  filled  the  entire  coil 
to  be  compressed  into  the  interior  of 
the  funnelled  cylinder.  Flux  is  thus 
compressed  by  a  ratio  approaching  the 
cross  section  area  ratio  of  the  funnel. 
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Fig.  18.  Conventional  sabot 
and  armor  penetrator. 
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Fig.  13.  The  flux  concentrator 


Fig. CSO.  The  momentum  transformer 


By  accelerating  a  sabot  shaped  like  the  flux  concentrator  into  a  magnetic 
field  it  is  possible  to  eject  the  penetrator  by  means  of  the  compressed  flux 
at  the  expense  of  kinetic  energy  of  the  sabot. 
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EXPERIMENTAL  APPARATUS 

Apparatus  has  been  constructed  for  exploring  this  effect  by  using 
conpressed  gas  to  inject  a  flux  concentrating  sabot  containing  a  projec¬ 
tile  into  a  magnetic  field  located  at  the  end  of  a  3  meter  barrel.  A 
caliber  of  one  inch  proved  expedient  because  it  results  in  the  maximum 
velocity  obtainable  with  commercially  available  solenoid  valves.  A 
photograph  of  the  installation  is  shown  in  Fig.  20 ,  and  an  elevation 
drawing  in  Fig.  21  on  the  following  page. 


Fig.  2t  Pneumatic  in¬ 
jector  for  momsntum 
transformer  experi¬ 
ment;  also  shown 
is  bench  model  of 
helical  accelera¬ 
tor  and  two  modules 
of  6  kV,  fast  capa¬ 
citor  bank9  under 
bench. 


A  ballast  tank,  contained  in  plywood  box,  is  pressurised  to  a  maximum 
of  1,500  psi  from  a  oompressed  gas  tank.  The  projectile  is  plaoed  into  the 
breech  block,  which  is  then  sealed  with  a  pipe  plug.  The  breech  is  pressur¬ 
ised  by  means  of  a  solenoid  valve.  Volume  of  the  ballast  tank  is  3.3  times 
the  barrel  volume.  Aluainum  abots  of  55  gm  mass  can  be  accelerated  to 
about  280  m/s  if  helium  is  used  as  propellant  gas. 

The  ooil  for  generating  the  magnetic  field,  comprising  200  turns,  is 
wound  around  a  copper  mussle  extension  secured  to  the  test  bench,  as  shown 
in  rig.  21.  The  total  length  of  the  apparatus  is  12  feet. 

Two  single-flash  strobes  are  used  to  make  a  Polaroid  photograph  of 
the  sabot  and  projectile  emerging  from  the  mussle,  and  the  event  is  also 
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recorded  electrically  with  the  Nicolet  digital  oscilloscope.  Added 
information  is  obtained  by  recovering  the  sabot  and  projectile  intact 
from  a  target  box  filled  with  polyurethane  foam  and  sand. 

PRELIMINARY  RESULTS 

A  number  of  difficulties  have  been  encountered,  and  results  are  still 
ambiguous.  The  projectile  usually  separates  from  the  sabot,  but  this  could 
be  due  to  deceleration  of  the  sabot  without  any  significant  acceleration 
of  the  projectile.  The  basic  problem  is  the  fact  that  electromagnetic 
flight  cannot  be  scaled  in  the  manner  of  aerodynamic  fli$it,  where  perfor¬ 
mance  can  be  explored  by  simple  wind  tunnel  experiments. 

The  scaling  problem  is  related  to  the  fact  that  the  skin  depth,  or 
the  depth  at  which  a  penetrating  magnetic  field  is  attenuated  to  1/e,  is 
inversely  proportional  to  the  square  root  of  effective  frequency,  or  to 
the  square  root  of  the  rise  time  or  duration  of  a  pulse.  Skin  depth  is 
also  proportional  to  the  square  root  of  resistivity. 

The  full  site  system  we  are  modelling  has  a  caliber  of  105  rm  (4  inches) 

and  operates  at  a  velocity  of  say  1100  m/s.  Our  model  is  one  quarter  scale 

(1  i~^  caliber),  and  operates  at  one  quarter  velocity  (200  m/s).  The 
effe't.ive  pulse  duration,  or  the  time  required  for  the  sabot  to  pass  through 
the  mussle  coil,  is  therefore  the  same  in  our  model  as  in  the  full  sise 

system,  which  means  that  the  skin  depth  is  also  the  same,  i.e. ,  four  times 

the  scaled  sise.  To  reduce  the  skin  depth  to  proper  sise,  one  would  have 
to  increase  the  velocity  or  the  conductivity  by  a  factor  of  sixteen. 

The  fact  that  skin  depth  is  four  times  proper  sise  makes  the  intire 
process  mushy.  Magnetic  flux  is  pushed  into  the  copper  mussle  tube  as 
the  sabot  enters,  and  magnetic  pressure  between  the  sabot  and  the  projec¬ 
tile  is  decreased  because  flux  penetrates  into  both. 

The  copper  mussle  pipe  needs  to  be  four  times  thicker  than  in  the 
full  sise  device,  and  this  prevents  the  pulsed  field  from  penetrating  to 
the  interior.  Me  attempted  to  generate  a  quasi-contlnuous  mussle  field 
by  using  six  lead-acid  batteries,  but  this  field  was  too  weak  to  cause 
even  separation  of  the  projectile.  One  test  was  made  by  moving  the 
pneumatic  injector  to  a  190  kilogauss  continuous  Bitter  solenoid  magnet, 
but  the  extended  field  generates  enough  drag  to  decelerate  both  the  sabot 
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and  the  projectile,  masking  whatever  momentum  transfer  might  have  taken 
place  between  them. 

It  was  also  noted  in  the  one  test  with  the  Bitter  solenoid  that  the 
sabot  is  deflected  violently  in  the  direction  opposite  the  slot,  with 
enough  force  to  mash  it  against  the  copper  barrel  so  as  to  cause  visible 
friction  wear  opposite  the  slot. 

It  may  be  necessary  to  evolve  a  more  sophisticated  design,  such  as 
for  example  a  second  flux  concentrator  surrounding  the  barrel,  energised 
with  a  considerably  faster  pulse  from  our  fast  bank.  Cooling  the  sabot 
and  projectile  to  liquid  nitrogen  temperature  would  also  help,  but  only  by 
decreasing  the  skin  depth  by  a  factor  of  about  \6  *  2.45. 

If  all  else  fails,  the  experiment  will  have  to  be  done  at  full 
scale  and  full  velocity,  using'  an  explosive  gun  rather  than  the  pneuma¬ 
tic  injector. 
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MASS  DRIVER  TWO  CRY06ENIC  SYSTEM 


Mass  Driver  Two  is  a  four  inch  caliber,  synchronous  accelerator 
with  SCR- switched  copper  drive  coils  and  a  superconducting  bucket, 
operating  in  an  evacuated  tube.  Design  acceleration  is  SOO  gee.  The 
drive  coil  structure  and  associated  power  supply  is  being  built  at 
Princeton  university  by  a  group  headed  by  Prof.  G.K. O'Neill  and  Nilliam 
Snow.  The  superconducting  bucket  and  associated  cooling  station  is 
being  designed  and  built  by  the  MIT  group#  both  operations  being 
supported  by  a  NASA  grant  administered  by  Lewis  Research  Center. 

The  driver  was  to  be  housed  in  standard  pyrex  flanged  piping 
sourrounded  by  the  drive  coils,  but  it  proved  impossible  to  prevent 
the  pyrex  from  shattering  due  to  dynamic  deflection  of  the  structure 
supporting  the  drive  coils.  The  2.S  meter  accelerating-decelerating 
section  was  rebuilt  using  a  vacuum  grade  of  lexan  plastic.  It  also 
proved  impossible  to  contact-cool  and  induction-charge  the  bucket 
coils  in  a  pyrex  tube  without  radiation  shielding,  and  therefore  the 
cooling  station  was  re-designed  to  operate  in  a  stainless  steel  tunnel 
surrounded  by  liquid  helium.  The  tunnel  tube  contains  a  set  of  copper 
contact  blocks  against  which  the  bucket  is  forced  by  a  set  of  cams, 
and  the  tube  is  surrounded  by  two  superconducting  coils  which  serve  to 
induce  a  persistent  current  into  the  bucket  coils.  The  procedure  is 
to  energise  the  induction  coils,  cool  the  bucket  to  below  its  transition 
temperature,  and  then  de-energise  the  induction  coils,  leaving  the  bucket 
coils  with  the  persistent  current  required  to  maintain  the  induced  flux. 

The  two  bucket  coils  are  imbedded  in  woods -metal,  the  material 
which  has  the  highest  specific  heat  at  helium  temperature  except  for 
helium  itself  and  water  ice.  There  is  enough  thermal  inertia  to  keep 
the  bucket  coils  superconducting  as  they  are  ejected  from  the  cooling 
station  by  a  set  of  two  pulsed  copper  ejection  coils  along  teflon  guides. 

ue tailed  design  calculations  have  been  reported  in  earlier  NASA 
progress  reports.  Drawings  and  photographs  of  the  re-designed  station 
appear  on  the  following  pages. 
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Fig.  23  Hass  Driver  Two  bucket  in  cooling  station  tunnel  tube; 
the  tunnel  tube  is  surrounded  by  liquid  helium 

The  tunnel  tube  and  associated  parts  were  constructed  first.  The 
tube  was  welded  shut  at  one  end,  and  provided  with  a  flanged  top  at  the 
other  end  in  order  to  permit  operational  testing  before  construction  of 
the  remainder  of  the  dewar.  The  tunnel  tube  is  shown  in  the  photograph 
of  Fig.  25  prior  to  immersion  in  an  available  helium  dewar  for  testing. 
Longitudinal  and  cross  section  views  are  shown  in  Fig.  23,  and  Fig.  24 
shows  the  bucket  in  front  of  a  section  of  tunnel  tube  with  the  copper 
heat  transfer  shoes  visible.  Fig.  26  is  a  simplified  sectional  assembly 
view  of  the  entire  dewar. 

With  the  radiation  heating  eliminated,  the  bucket  can  be  cooled 
down  rapidly  to  about  13*K,  the  cool-down  rate  depending  crucially  on 
contact  pressure  applied  by  the  cams.  Introduction  of  helium  transfer 
gas  increased  the  cool-down  rate  tremendously.  Cool-down  from  25#K 
following  a  quench  to  4.2°K  required  about  one  minute,  with  transfer  gas. 


2h  Mass  Driver  Two  bucket  in 
front  of  section  of  tunnel  tube, 
showing  heat  transfer  shoes  with 
copper  braid  pads 


25*  Tunnel  tube,  with  ends  closed 
for  testing  in  helium  dewar  in 
Bitter  magnet.  Only  a  short 
center  section  of  the  tunnel  tube 
will  be  used  in  the  final  dewar 
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RESULTS  OF  TEST  IN  BITTER  SOLENOID  MAGNET 


The  tunnel  tube  was  immersed  in  liquid  helium  using  an  available 
dewar,  and  placed  inside  the  bore  of  a  ten  inch  caliber  Bitter  solenoid 
magnet.  Ten  resistance  thermometers  were  used  to  monitor  heat  flow,  and 
pick-up  coils  served  to  observe  the  persistent  superconducting  current 
in  the  bucket.  The  results  are  summarized  as  follows: 

THERMAL  BEHAVIOR 

With  a  thermal  vacuum  in  the  tunnel  tube,  contact  cooling  resulted 
in  a  bucket  temperature  of  13°K  in  several  minutes,  but  at  that 
temperature  the  contact  transfer  just  balanced  radiation  input  from 
the  top  flange,  which  was  at  room  temperature.  No  further  cool-down 
could  be  achieved.  The  minimum  temperature  varied  with  the  force 
applied  to  the  contact  pressure  cams,  confirming  that  it  was  the 
contact  transfer  which  limited  cool-down.  The  contact  pressure 
was  limited  in  essence  by  deformation  of  the  0.064  wall  tunnel  tube. 
The  pressure  mechanism  is  being  re-designed  to  achieve  greater  total 
contact  force  distributed  over  a  larger  area.  Heat  transfer  is  known 
to  be  proportional  to  total  force. 

With  several  millimeters  of  helium  gas  in  the  transfer  tube,  cool¬ 
down  to  4.2*K  took  place  within  seconds.  The  time  required  to  cool 
the  bucket  from  25*K  (following  a  quench)  to  4.2*K  ,  with  transfer 
gas,  was  about  one  minute. 

ELECTRICAL  BEHAVIOR 

Stable  operation  was  achieved  to  a  background  field  in  the  Eitter 
Solenoid  of  14  kilogauss,  i.e.,  the  bucket  did  not  quench  to  that 
field  intensity,  and  the  persistent  current  which  remained  after  the 
solenoid  magnet  was  turned  off  showed  no  measurable  decay  in  a 
period  of  ten  minutes.  The  bucket  was  found  to  quench  at  18.1  kG, 
which  provides  ample  safety  margin. 
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The  current  density  corresponding  to  a  persistent  current  capable 

of  sustaining  a  central  field  of  14  kilogauss  is: 

2 

31.7  kA/cm  ,  referred  to  the  entire  bucket  coil  structure, 

2 

45.3  kA/cm  ,  referred  to  the  superconducting  cable  with  copper, 

2 

136  kA/cm  referred  to  the  superconducting  filaments  of  NbTi. 

2 

The  design  value  of  current  density  is  25  kA/cm  referred  to  the  cable. 
The  bucket  is  thus  able  to  carry  nearly  twice  the  design  current 
density,  which  implies  that  it  will  achieve  twice  the  anticipated 
acceleration.  However,  in  actual  operation  the  bucket  coils  will 
be  subjected  to  a  certain  amount  of  transient  background  field  as 
the  bucket  enters  the  first  drive  coil,  although  most  of  this 
transient  will  be  shielded  by  the  massive  copper  ring  which 
surrounds  each  bucket  coil.  Some  degradation  of  critical  current 
must  be  expected. 

CONCLUSIONS 

Electrical  operation  of  the  bucket  exceeds  design  expectations  by 
a  factor  of  two  in  terms  of  stable  current  density  is  the  absence  of 
background  field  transients,  even  with  the  first  bucket  built  I 

The  contact  cooling  system  is  able  to  transfer  only  one  watt  across 
the  coppe-to- copper  surfaces,  which  is  in  approximate  agreement  with  heat 
transfer  rates  reported  in  the  literature  at  the  total  force  achieved. 

However,  it  is  known  that  heat  uamsfer  rates  are  better  by  a 
factur  of  twenty  if  the  surfaces  are  gold-to-gold,  due  to  quantum- 
mechanical  effects  involving  phonon  transfer  matching  conditions  at  the 
mstal-to-metal  interface  without  the  interposition  of  an  oxide.  Detailed 
results  are  reported  in  Guy  X.  Whits,  “Experimental  Techniques  in  Low 
Temperature  Physics",  Oxford  University  Press  1979,  page  149 .  Evident ly 
the  field  of  contact  hast  transfer  has  raceived  considarable  attention 
recently. 

A  twenty- fold  increase  in  heat  transfer  rate  will  eliminate  the 
need  for  using  s  transfer  ges.  It  therefore  seems  that  after  gold-plating 
the  heat  transfer  contact,  construction  of  the  remainder  of  the  cooling 
station  can  proceed  without  further  problems  or  delay. 
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EARTH-BASED  SPACE  LAUNCHERS 

RATIONALE  FOR  CATAPULTS 


The  typical  payload  ratio  of  present  launch  vehicles  is  137  (the 
European  Ariadne);  i.e.,  136  pounds  of  fuel  and  expensive  engines  accom~ 

pany  each  pound  of  payload.  Launch  velocities  range  from  about  7  km/s 

for  low  orbit,  to  11  km/s  for  earth  escape,  and  chemical  guns  are  unable 

to  achieve  these,  although  attempts  made  in  the  sixties  by  welding  two 

naval  gun  barrels  together  came  close. 

Electromagnetic  catapults  are  able  in  principle  to  achieve  required 
launch  velocities,  certainly  for  first  stage  purposes,  and  have  been  written 
about  by  science  fiction  authors  for  several  decades.  They  have  never  been 
taken  seriously,  however,  because  it  was  assumed  that  launch  vehicles  would 
have  to  be  unrealistically  large  to  survive  passage  through  the  atmosphere 
at  a  reasonable  loss  of  ablation  mass  and  energy. 

The  first  serious  study  of  ablation  and  energy  losses,  to  our  knowledge, 
was  made  during  the  1977  NASA-AMES  Summer  Study  on  Space  Industrialization 
by  Chul  Park  and  Stuart  Bowen.  Their  work  has  only  recently  been  completed 
(December  1979),  and  is  to  appear  in  Journal  of  Energy,  uner  the  title: 
Ablation  and  Deceleration  of  Maas  Driver  Launched  Projectiles  for  Space 
Disposal  of  Nuclear  Wastes .  Preprints  are  available  from  Dr. Chul  Park, 
Nasa-Ames  Research  Center,  Moffett  Field,  CA  94035. 

From  the  formulation  of  Park  and  Bowen  we  have  derived  the  beta 
factor  for  launch  to  escape  velocity  (11.2  km/s),  plotted  in  Fig.  27,  and 
used  this  curve  to  calculate  the  launch  energy  as  a  function  of  vehicle 
mass  for  vehicles  of  radius  3cm,  5cm,  10cm  and  15cm,  plotted  in  Fig.  28  to 
31  respectively.  Each  curve  shows  a  distinct  minimum  mass,  below  which 
the  launch  energy  increases  drastically.  For  a  vehcle  radius  of  3  cm, 
the  minimum  mass  is  only  25  kg I 

These  losses  seem  surprisingly  low,  considering  the  well  publicized 
difficulty  in  enterirg  the  atmosphere  from  above.  There  are  two  direct 
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reasons  for  the  low  losses.  Traversing  the  atmosphere  vertically  at  escape 
velocity  results  in  a  two-second  flight,  as  compared  to  the  many  minutes 
required  for  atmospheric  braking  at  a  deceleration  level  survivable  by 
astronauts.  A  second,  less  obvious  advantage  derives  from  the  fact  that 
ablation  products  (carbon  vapor)  are  sufficiently  opaque  at  high  atmospheric 
pressure  to  shield  the  nose  cone  from  heat  generated  at  the  shock  front 
and  transferred  mainly  by  radiation. 

It  is  thus  clearly  possible  to  launch  vehicles  of  reasonable  size 
electromagnetically,  at  payload  ratios  approaching  unity,  and  at  a  cost 
approaching  the  cost  of  the  launch  energy,  which  is  only  65  cents/pound, 
excluding  amortization  of  equipment. 


THE  TELEPHONE  POLE  LAUNCHER 


For  the  purose  of  exploring  earth-based  launchers,  we  consider 
a  reasonable  reference  design.  We  select  a  vehicle  having  the  shape  and 
size  of  a  telephone  pole  and  a  mass  of  1,000  kg,  a  useful  cargo  package 
which  is  large  enough  to  make  energy  losses  acceptable,  and  small  enough 
to  keep  energy  storage  requirements  low.  We  select  a  launcher  length 
equal  to  the  deepest  well  holes  customarily  drilled  in  order  to  permit 
a  near-vertical  trajectory.  The  design  parameters  are  as  follows: 


Vehicle  : 

launch  velocity: 

velocity  at  top  of 
atmosphere: 

kinetic  energy 
at  launch 

ablation  loss, 
carbon  shield 

energy  loss 

acceleration 


telephone  pole  shaped,  mass  1,000  kg 
12.3  km/s 

11  km/s,  earth  escape  velocity 

76  x  109  joul* 

3  percent  of  mass 
20  percent 

1.000  4M  (10,000  m/*2) 


launcher  length:  7.8  km 


launch  duratio*.  1.26  second 

6 

average  power  60  x  10  kilowatts 

average  force  9.8  x  10*nevton  ■  2.2  x  10*  pound- force 

charging  time,  from 
1,000  MW  power  plant 


1.5  minute 
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The  cost  of  the  required  mass  driver ,  in  terms  of  copper,  steel 
and  concrete  is  only  of  the  order  of  22  M$.  However,  the  capacitors 
for  storing  76  Giga joules  of  energy  would  cost  about  11  B$. 

It  is  somewhat  less  discouraging  to  consider  the  energy  requirement 
in  terms  of  power:  the  proposed  launch  would  require  storing  the  output 
of  a  1,000  power  plant  for  1.5  minutes,  and  releasing  it  in  1.5  seconds, 
a  60-fold  power  compression. 

Reducing  the  acceleration  would  result  in  a  longer  launcher  which, 
up  to  several  more  miles,  would  have  to  be  installed  on  a  mounts  aide 
at  a  launch  angle  of  perhaps  45  degrees.  This  is  not  out  of  the  question, 
since  the  increased  atmospheric  loss  might  be  offset  by  the  reduced  cost 
of  storage.  With  a  sufficiently  small  vehicle  and  a  sufficiently  long 
launcher  it  might  even  be  possible  to  operate  at  a  level  of  power  which 
can  be  derived  from  an  existing  power  plant,  or  several  connected  plants, 
perhaps  during  off-peak  hours,  without  the  need  for  any  storage  system. 

another  alternative  approach  might  be  to  use  electromagnetic 
launching  only  to  replace  the  first  stage  vehicle,  representing  a 
launch  velocity  of  only  about  half  the  escape  velocity  assumed  above, 
or  a  launch  energy  of  25  percent. 

another  alternative  worth  considering  is  the  use  of  inductive 
energy  storage  in  superconducting  coils,  a  method  which  has  been  con¬ 
sidered  for  a  variety  of  applications,  including  even  the  peak-shaving  of 
electric  power  demand. 

Inductive  energy  storage  is  very  expedient  for  electromagnetic 
launching  purposes  because  an  inductor  represents  a  constant  current 


source 


! 

i 
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THE  SELF-ENERGIZED  SUPERCONDUCTING  MASS  DRIVER 


A  vary  attractive  possibility  is  that  of  using  the  drive  coil  structure 
of  a  mass  driver  for  inductive  energy  storage.  Peter  Graneau  of  our  group 
has  studied  this  possibility  in  detail,  and  his  analysis  is  contained  as 
Appendix  2.  We  summarize  the  results  on  the  following  page,  in  Fig.  32, 
which  gives  the  design  parameters  of  this  reference  design.  The  bottom 
line  is  that  a  35  cm  caliber  mass  driver,  1  km  long  with  superconducting 
drive  coils  can  store  enough  energy  inductively  (at  a  very  conservative 
current  density)  to  accelerate  a  20  kg  bucket  to  10.5  km/s. 

This  mass  driver  would  be  a  pull-only  device,  operated  by  pre-charging 
all  drive  coils  and  then  breaking  the  circuit  of  each  coil  at  the  instant 
the  bucket  reaches  the  plane  of  symmetry.  Zt  is  interesting  to  note  that 
the  drive  coil  current  can  be  made  to  have  an  arbitrarily  low  value  at  the 
instant  the  circuit  is  broken  by  suitable  choice  of  the  bucket  coil 
parameters,  because  flux  conservation  will  tend  to  cause  current  sharing 
between  drive  coil  and  bucket  coil.  Clearly  the  remaining  energy  would 
have  to  be  dissipated  in  external  resistors  rather  than  in  the  cryostat 
system,  by  quenching.  Very  challenging  engineering  problems  remain  to 
be  solved,  but  the  project  clearly  merits  serious  study.  The  carrot 
ahead  of  us  is  the  possibility  of  launching  cargo  into  space  at  a  cost  of 
65  centa/pound.  Even  if  an  electromagnetic  catapult  were  to  replace  only 
the  first  stage  of  a  space  launch,  it  would  still  represent  more  than  a 
ten-fold  savings  In  energy  and  cost! 


ONDUCTING  VACUUM 


Caliber:  35  cm 

Length :  1  km 


drive  coils:  20,000,  each: 


5x5  cm  cross  section 
2500  TURNS,  100  AMPS 
10  kA/CM^  OVERALL 

CURRENT  DENSITY 


Bucket: 

10  identical  coils 
LENGTH !  50  CM 
MASS:  20  KG 

Stored  energy:  1.375  x  10^  joule 

EFFICIENCY!  80Z 


£  ACCELERATION:  5,000  GEE  AVERAGE 


FORCE:  100,000  KG-F 


VELOCITY:  10.5  km/s 


THE  DYNAMIC  DEFORMATION  OF  PULSED  CURRENT  COILS 


The  Dynanic  Defoxnation  of  Poised  Current  Coils 
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i*:e  dynamic  jcfomation  of  pulled  Current  Coils 

Abstract 

Tlun  coils  rio.de  iron  aluiiinun  ?nu  copper  v.lre  i;ere  pulsed  i.ith  lar^e 
amplitude  currents,  and  the  resulting  plastic  strains  were  measured.  Vi/o 
theories  i.ore  tested  a0  in:/  the  experimental  results,  and  it  was  found  that 
one  of  tiie  theories,  the  ii.jpulse  model  of  coil  defoliation,  predicted  incor- 
rect  strain  values,  i.viilc  the  other  theory,  the  sterdy-s  vnte-to  -yielding  :nouel 
of  coil  dv formation,  pre<iictcu  correct,  but  inaccurate  values  for  the  strain. 
The  steady-state  the  cry  vas  found  to  bo  hi^iily  dependent  on  the  yield  stress 
of  the  material,  t.hicii  could  not  bo  mcasur  d  accurately.  In  the  course  of 
the  e::pcri  .eat  tnree  ot.*cr  nodes  of  coil  failure  uorc  observed  tnnt  .  t u*e  not 
dependent  on  the  coil 1  s  lief  oration:  caking  of  tiie  insulation  on  the  vandin^s, 
arcing  between  tiie  windings,  and  blowing  of  the  coil  leads  a;.ay. 


Txiiu  project  wa3  conducted  with  the  islcctro-magnctic  Accelerator  wroup 
at  the  National  Magnet  Lab*  Its  purpose  was  to  gain  a  theoretical  understanding 


of  the  deformation  of  tiiin  coils  when  pulsed  with  larue  currents*  In  this 
purpose  I  have  been  successful* 

Tiiin  coils  (i*e*  coils  whose  diameters  are  nuch  greater  than  their  winding 
thicknesses)  were  under  test  in  this  experiment  because  they  are  the  most  suitable 
for  use  in  electron aognetic  accelerators*  In  order  to  optii.dze  the  design  of 
these  accelerators,  the  factors  which  contribute  to  coil  failure  and  the  relation^ 
ships  between  then  must  be  determined.  To  do  this,  a  theory  which  adequately 
predicts  the  dynar.de  defoliation  of  the  coil  in  question  is  necessary*  Tho  coils 
in  the  accelerator  are  then  optimized  by  designing  them  such  that  at  th*  maximum 
acceleration  of  the  accelerator,  tho  coils  are  stressed  just  beloj  failure* 

B*  The  origin  of  forces  operating  on  thin  oils 

The  forces  operating  on  thin  coils  are  a  consequence  of  the  fact  that 
current  flowing  in  the  windings  of  a  coil  creates  a  magnetic  field*  Tnis 
then  acts  on  the  current  ..idch  originally  created  it,  prouucin^  a  force  tendon, 
to  nako  the  coil  expand  radially  (i.c.  such  that  the  dianeter  of  the  coil 
increase)*  (See  figure  1).  This  force  is  opposed  at  least  partially  by 
the  huop- stress  in  t»*e  coil,  or  by  tne  nurtia  of  the  coil  as  it  is  accel¬ 
erated  radially*  A  second  fori  of  Jafoi.iat  on  hich  affects  lon_,  solcnoidal 
type  coils  is  tuc  buckling  of  the  coil  windings,  ;r\J  their  s  Lsenucat  collapse 
axially  toward  the  center  cf  the  coil*  Tids  is  caused  by  <  uc  ;  ui.net \c  \t- 


Resulting 

F.-j, f.  MA&Wenc  Fielo  OF  A  cunm  loop 
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traction  between  the  coil  windings  (soe  figure  2).  In  ^eneral  this  form 
of  coil  failure  doesn't  occur  unless  enough  radial  defoliation  is  also  pres¬ 
ent  to  give  the  windings  room  to  collapse* 

Three  other  types  of  coil  failure  were  also  observed  in  the  course  of 
these  experiments ;  Arcing  between  the  coll  windings;  baking  of  the  winding 
insulation;  and  failure  of  the  co  1  leads  at  their  attachment  points*  In 
none  of  these  cases  was  it  necessary  for  the  coil  to  deform  significantly 
for  the  co  1  to  fail. 

C.  Ovcrvieu  of  the  theory  used  in  the  prediction  of  the  mechanical  behavior 
of  coils  stressed  to  yielding  and  failure 
For  the  theoretical  prediction  of  coil  behavior  I  assumed  that  the 
material  of  the  coil  '..ladings  behaved  in  a  linear-elastic/  purely-plastic 
manner  as  illustrated  in  Figure  3.  While  none  of  the  winding  materials  used 
in  this  cap  or  meat  deform  in  exactly  tliis  fasnlon,  it  is  a  good  first  approx¬ 
imation  to  thoir  behavior. 

Using  this  model,  two  theories  of  dynarlc  coil  deformation  wero  tested 
against  experiment.  The  first  model  tested  wa.,  the  i.r.ulso  model,  in  which 
it  was  assuMod  what  *he  length  of  the  curruat  pulse  seat  through  the  coil 
was  inch  shorter  than  the  time  needed  for  tnc  co..l  to  .espond  to  t**c  pulse, 
because  the  coll  would  not  *:avc  sufficient  time  to  expand  .ad  tne,oly  .en- 
erate  the  Iioojhg  tresses  needed  vO  oppose  the  radial  *»n_;tctic  fore-'.,  the  coll 
would  be  accelerated  radially.  Tide  w  uld  place  I:  lactic  cnvirj/  Into  a«? 
windlass  of  the  uo.l  wuich  would  then  aave  to  bo  stored  elastically  or  dis¬ 
sipated  lasticaliy,  ihe  result  is  taat  the  coil  suffers  3o.ie  f*aal  .dastxc 
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defoliation,  widen  could  then  be  measured  empirically. 

The  second  iiodel  tested  was  the  steady- state- to-yielding  model,  in  which 
it  was  assumed  that  the  length  of  the  current  pulse  sent  through  the  coil 
was  ;iich  loiter  than  the  time  needed  for  the  coil  to  respond  to  the  pulse. 

The  coil  would  expand  slowly  (compared  with  what  it  was  capable  of  doing) 
and  oppose  tiie  outward- radial  magnetic  force  wit*;  the  hoop- stress  in  the 
coil  windings.  tills  strtc  of  eouilibrUim  would  continue  until  the  hoop-stress 
readied  die  yield  ^ress  oi  the  materiel,  it  this  point  the  difference  be¬ 
tween  one  outward-radial  magnetic  force  and  the  opposing  hoop- stress  force 
would  accelerate  the  coll.  When  the  outward-radial  magnetic  force  fell  below 
the  value  of  the  opposing  hoop-stress  force,  tlie  difference  would  decelerate 
the  coll  until  it  ca;.ie  to  rest.  This  acceleration  from  rest  followed  by  de¬ 
celeration  a^ain  to  rest  occurs  in  die  plastic  strain  rej.on.  ft  leads  to 
some  final  plastic  defoliation  of  hu*  coil,  wuich  is  what  was  moasured  in 
the  cxperi»;ent. 

ifinally,  for  all  of  tae  tests  with  lon^,  solenoidal  coils,  I  approximated 
the  magnetic  field  inside  as  boing  the  same  as  that  for  an  infinite  solenoid. 
For  the  tests  with  short  co  -Is,  I  approxi.  lated  the  magnetic  field  at  the 
center  as  being  the  same  as  that  for  a  single- loop  coil,  vltn  an  appropriate 
current  flowing  in  it.  flic  current  for  tne  single-loop  approximation  as 
taken  as  tiie  nu:i>er  of  turns  making  up  tiie  3;iort  coil  tines  the  current  In 
the  jiiort  coll.  The  ,gign coj.c  field  near  the  windings  of  tne  shor*  coil  was 
taken  *’ s  twlse  tnot  at  the  ceutcr  of  the  coil. 
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D.  The  limitations  of  tai:.  study 

uue  to  the  lack  of  tine,  I  was  not  able  to  do  any  tests  with  coils  that 
had  been  ^eternally  reiiuorced  and  I  was  able  to  do  veiy  Tew  tests  with  coils 
whose  windings  iind  been  potted  in  epoxy.  The  experiments  were  performed 
primarily  usinj  totally  unreinforced  coils  made  from  0.10  inch  round  aluminum 
wire,  0.10  i.nch  square  copper  wire,  and  0.025  inch  round  copper  wire.  In 
auditicn,  t,,o  tests  were  done  usui£  0.025  inch  round  copper/  niobiu,  -titanium 
co..^>osite  wire,  normally  used  as  a  super- conductor,  but  in  this  instance 
used  only  for  \ts  hiuh  tensile  strength. 
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II.  Theoretical  analyst 3  of  tho  pulscd-coil  s/s  ten 


A*  The  s/ste.i  as  an  hLC  electrical  circuit 

Figure  U  shows  a  sche;.iatic  diacran  of  tno  Lust  circuit.  Initially, 
the  capacitor  bank  is  charged  to  an  initial  voltage  \^,  widch  it  liolds  until 
the  iiC:i  (silicon  controlled  rectifier)  is  fiivd  It/  the  tri^wcr  circuit. 

The  dasned  bo;:  t.ui  -ert  coil,  *..iduh  is  taken  to  contain  cn  ideal  inductor 

and  an  ideal  resistor.  The  diode  across  the  test  coil  "crowbars”  tho  circuit 
to  prevent  the  capacitor  volt.-  fro.*  svlnrin^;  noro  amative  than  -0.6  volts. 
The  entire  resistance  in  tho  circuit,  it,  is  taken  to  be  the  DC  resistance 
of  -ae  co-1,  wns  cnt?..  o  in  ucoance  in  tne  circuit,  L,  ia  taken  to  bo  whe  in¬ 
ductance  of  the  c.il  and  :hc  entire  capacitance  in  the  circuit, C,  is  taJcen 
to  be  the  capacitance  of  the  capacitor  bank.  Usin*  tids  nod  cl  (and  assu/dne 
the  diode  is  switched  off),  the  equation  iMch  jorevns  tho  currant,  1,  in 
the  circuit  is 

. ±  £  ♦  i  x o 

dt*  L  3t  ^  tc 

This  equation  h*s  Uuve  solut  ons,  dc  lcntiin.  on  .hw  tiier  tbs  s/s  ter.  is  lightly 

03.1 

V. 


darped,  heavily  da.  pad,  cr  critic:*!!;*  oa  ptd.  ror  li„h~  d*  *\)in., 
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Theoretically,  c* -ticsl  dar.pin^  occurs  at  only  one  point,  i.c.  when  (*i/2 L)  -l/LU  -  0. 
In  oractic. ,  it  Is  convenient  to  use  the  critically  damped  formulae  whenever 
(V2L)  -  0>  since  using  either  the  lightly  darped  or  heavily  damped 

equations  would  result  in  a  loss  of  accuracy.  normally  however,  either  tne 
ligniOy  damped  or  the  heavily  dairoed  equrtions  arc  used. 

B.  Factors  relat  d  to  coil  geometry 

The  magnet,  c  field,  ii,  produced  by  a  coil  depends  on  the  geometry  of 
tiie  coil  and  is  proportional  to  the  current  flowing  in  the  coil  windings. 

For  a  coil  long  enough  to  be  treated  as  an  infinite  solenoid,  the  field  is 

g  = 

^  i 

where  N  is  the  total  number  of  turns  in  the  coil,  (  is  the  total  len0th  of 
the  coil,  and  AA.*  liKd  units.  This  formula  begins  to  be  a  good 

appropriation  of  the  magnetic  field  generated  by  the  coil  when  the  co  _1  length, 
i  ,  becomes  larger  t.;cn  h:e  inside  diameter  of  the  coil. 

For  coils  whose  length  is  less  than  about  one  third  of  their  diameter, 
a  better  formula  for  hie  magnetic  field  is, 

0<crffrt.r  ""  Z  A*  j 

whore  fi*  equals  one  naif  of  the  d  La:  voter  of  the  coil.  Unlike  long,  solenoidal 
coils,  the  magnetic  field  of  short  coils  near  the  ..indingc  is  not  appro:!;  .ate^r 
equal  to  the  field  at  vh  center  of  the  coil.  For  the  generalised  short 
coil  ease,  I  have  the  f  ’cld  nc.“ r  the  windings  to  be  twice  tlir.t  of  the 

field  in  t..c  center. 

fbr  a.ils  ..ith  multiple  layers  of  wind  n^s  1  used  the  principle  of  super¬ 
position.  For  the  inner  layer  of  u indin. s  all  of  the  abovv,  formulas  hold. 

To  find  the  magnetic  field  on  the  inner  surface  of  the  next  layers,  the  same 
formulas  jzy  Le  uswt*  excer  >t  tnat  *  i  me  t  be  replaced  by  the  total  nu..uxr  of 


turns  minus  the  number  of  turns  contained  in  all  lovjer  layers,  and  nay 
have  to  be  changed  to  take  into  account  the  finite  thickness  of  the  lowers. 

The  magnetic  pressure  that  a  single-layer  coil  must  withstand  is, 

»-  Ji 

and  which  must  be  applied  separately  to  each  layer  of  a  multi-layer  coil* 

When  this  is  done,  an  average  pressure,  P,  can  be  defined  as 

f -  i *  a i <*?*>' I  p  = « » ;  i> « i f ^r)] 

where  p  is  the  pressure  just  inside  the  innermost  lver  the  coil*  This 
eapression  is  valid  for  all  nulti-layer  coils  with  n  layers  where  the  thick¬ 
ness  of  the  windings  is  small  conpared  to  Hq  so  that  it  can  be  neglected. 

In  order  to  decide  whether  the  impulse  theory  or  the  steady-state  taeory 
is  a  more  valid  description  of  the  coil’s  behavior,  the  coil’s  response  tine, 
which  corresponds  to  the  ringing  period,  must  be  determined.  Ifcr  using  a 
radial  force  balance  and  ap  lyinw  lie.  .ton  * 3  latr,  the  equation  wliich  describes 
a  coils  deformation  is, 

..  e  „  *.£ _ 

€  +  / #,»  1’  /('VM  , 

provided  that  the  dofoniation  of  tno  co  .l  remains  in  tire  elastic  range,  and 
where  6  is  strain,  d  is  Toung’s  modulus,^  is  density,  A  is  the  cross-sec¬ 
tional  area  of  the  used  to  wind  the  coil,  and  cT  is  the  diameter  of  a 
single  winding  measured  along  the  axis  of  the  coil*  For  a  freely  ringing 
coil  P  =  0,  and 

r=2r(?.y|?  # 

'i'o  datoirduie  the  r»ro  valid  theory  thtii,  compare  to  %  ;  If  fc*,,  is 

y. 

long  cor.i^aivd  to  ^  ,  then  the  nulse  *..«  lou_  enough  so  that  the  coil  ern  rospaid 
according  to  the  steady  state  theory;  if  is  short  eo.  ip:  rod  to  ^  ,  a;cn 
the  coil  cannot  respond  fast  enough  to  keep  up  with  the  pulse,  aiw;  :  ..vuise 
theory  sho*iid  be  vised* 
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C.  The  linear- elastic/  ourely-plastic  inodol  of  naterisl  behavior 
1.  The  stead/- state-  bo»yi elding  nodol  of  co.l  deformation* 

If  is  lon^  compared  to  %  ,  then  the  steady- state  nodel  sliould  be  used 
to  describe  coil  defoliation*  In  all  of  the  experiinents  that  I  conducted, 
this  was  the  case*  For  the  clastic  region  then,  the  strain  is  chancing  r?ther 

0  • 

slowly,  such  that  €  -0  .  This  leads  to 

c  £ £»  k  P 

fcl.K e»r  Ea  *  '  ‘ 


In  jencral. 


-  (££dZ  \  az 

~  K'ZEAjK.)  0  , 


{'ZEAm>9 

vhidi  is  valid  for  nil  co  Is  under  the  steady^state  theory,  having  nej.ectable 
winain,;  tnicknesses* 

Tne  linear  strain  relation  is  valid  until  the  yield  stress  of  the  ma¬ 
terial  is  reached*  The  maximal, i  pressure  that  the  coil  can  withstand  without 

deforainrj  piasticrlly  is 
P  __  CyiCl*!  A 

TTTk^  . 

Any  pressure  above  this  level  will  crus,  plastic  dofomation  in  the  material, 

vidch  wi  31  lc:d  to  a  non- neglect  able  €  *  3ccausc  thorc  is  no  longer  an 

cl:istic  tt.ii,  duo  to  perfect  plasticity, 
i?  CTy.fi Ji  P  k 

W’t1  p  Z'X  -  Tl£)A  )  w:dc:i  l  cco:l0S 

l  ,  -  tP  ^*)lc 

'UuVt  "  JiWa  . 

This  ecuation  ern  bo  iutcjmtcd  twice,  but  oitly  if  tne  Units  of  integration 
: .re  kno*. .  •  it  ir.  e  ri:v»  bo  iubc.iv.t.-  fr-jn  the  iio.n  nb  taat  tnc  prcs:u.v 
exceeds  P  ..  •  since  t.*is  is  when  i>o*u  bh.  accelcrrtio.:  and  tnc  plastic  before 
nation  bc_in,  to  th«  mo.*  nl  v.k  w  c  is  next  rxro,  sinco  this  is  .non 
tiio  plastic  u  for  <.\t.ou  ends*  h-;  seitin^  the  pressure  Citual  to  > 

the  tine  at  widen  elastic  def or.  taticn  beyinr,  can  be  found* 


I 


I 


O  *0  K 


Be,  ^  _  [purTelW  1 

-  yj  ft*  K 

If  tiie  coil  is  a  long  solenoid, 

T1  .  A  A  I 


TL  _  ±0\iMA  » 

V****ic  ^ # 

If  the  coil  is  short, 

8  i  - 

*•  «!.'■*•  &,  and 

c  *  "*T  i*-,'(£U;  '  , 

for  light  or  heavy  dancing  define 


Ve  Li|  Xo^Ut+,.c 

For  light  daiping  solve  numerically 

V. t.v  -  V  , 

For  heay/  darping  solve 

t .  i  //avlVv  /„ 


to  find  to 


VU*+.t 


For  critical  darping  defir# 

v-'  tc(^)rWi 


to  find  t# 


VUsi*'c . 


and  solve-  numerically 


=  V 


tc  find  t  • 


*Ui4»c. . 


O^ce  hss  boon  found,  4  at  a  „o acral  ooint  in  tine  is  found 

by  integrating  C  fron  to  £  .  The  resulting  equation  is  then 

set  e.ual  to  zero  an  a  n-jmcrlc*  1  dution  fur  is  found,  .inally, 

e 

tiio  Uenci/\L  o  uation  for  £  is  into;;- ted  fron  to  fc^JI  to  ,ivc 

the  final  r.ultinj  plastic  deforntion. 


110 


1*. 


'he  ionise  rind-l  of  coil  drfomgtioiu  If  is  short  collared 


to  sH  ,  then  the  impulse  model  should  be  used  to  describe  coil  deformation. 
Siiice  the  pulse  is  assumed  to  be  over  before  the  coil  has  deformed  signifi¬ 


cantly  the  equation  describing  the  1  .near  strain  is 


;*  Pk 

—  f  (kyfYA 


To  find  the  final  plastic  strain,  calculate  the  kinetic  energy  which  the 
inpuj.se  inparts  to  the  cohl  and  set  iw  equal  to  the  energy  stored  elastically 
and  dissipated  plastically.  The  impulse  imparted  to  the  coil  is 

e.  , 

which  allows  an  initial  strain-velocity,  €tf  ,  to  be  found, 

e, 

The  Idnetic  onerjy  associated  with  this  velocity  is 


which  we  then  sot  equal  to  the  sun  of  tho  final  stored  clastic-strain  energy 


and  the  dissipated  plastio-  strain  energy.  So, 

£  s  +  <rv,«j  a  e^.-c 


which  leads  to  the  final  expression  for  the  plastic  deformation  of  the  coil, 

£  .  .  .Cxi - rt^pul1 

fc^h*+<'c  -  ZAaf(Tt,eiJ  L  J»  '  "  x  e 

valid  for  tho  impulse  model.  Tho  f  in  tl»c  upper  liiit  of  the  irnuls-  integral 

is  evaluated  as  •©  ‘.I  the  system  is  either  heavily  or  critically  da,pcu, 

and  it  is  evaluated  as  the  first  zero  or  hnc  lijitly  da.  pod  current  e- uation. 


Vliis  is  found  by  th*  sr.*ic  net.  oh  .if  •  dutico  as  'rs  found  for  tne 

liyitly  dr.Lpr.d  steady-state  case  wit.  the  exception  that  y  is  r.*.t  to  *,  cro. 


Ill 
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in.  Experimental  procedures 


The  /.lethod  I  used  to  tost  the  defoniation  of  coils  was  extre..iely  simple. 

I  did  not  receive  the  strain-gauges  tliat  were  small  enough  to  mount  upon 
0.10  inch  dia.ieter  id. re  in  tine  to  do  rny  testin^  ..itn  then,  so  I  used  a 
cruder  method  of  measuring  plastic  strain.  Before  winding  a  coil,  I  made 
two  ..Aiizs  a  i.ieasured  distance  apart  on  the  wire.  After  pulsing  the  coil  X 
unwound  it  and  measured  tiie  new  distance  between  the  narks.  The  difference 
between  the  new  and  old  distances  .,as  taken  and  divided  by  the  old  distance. 
This  gave  the  neasured  plastic  strain  suffered  by  the  coil  due  to  the  pulse. 

Using  tills  method  I  was  unable  to  measure  strains  smaller  than  about 
0.20/*  accurately,  because  I  did  not  want  to  waste  the  test  coil  I  lu.d 
prepared  for  measurement  by  pulsing  it  at  a  voltage  whicn  wild  produco  strains 
tliat  I  could  not  measure,  I  used  two  colls  for  ;y  test  3iiots.  fne  coils 
were  wounc,  as  identically  as  possible,  so  tliat  all  of  thoir  para  TOters  would 
bo  uhe  same.  The  first  coil  s  pulsed  repeatedly  rt  regular! /  increasing 
initial  voltages  until  it  was  seen  to  yield,  rue  second  coil  was  tuon  pulsed 
at  a  sli.^tiy  lower  initial  voltaic  (since  it  would  oc  cooler  and  therefore 
conduct  more  current),  and  after./r. rd  unround,.  and  t.:c  strain  measured. 

Tne  curront  trace  was  observed  for  all  ciiots  usinw  a  .mcolct  digital 
oscilloscope  connected  across  a  calibrated  shunt.  In  this  wry  the  :wudmun 
current  iu  w.;e  circuit  could  be  measured  directly,  and  w.tC  s*i  a  jo  o.  current 


vs.  time  1'uuct  .on  could  be  co»;pared  with  theoretical  predictions 
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IV.  rig suits 

A.  Initial  testing ;  Coils  wound  Iron  0.10  inch  round  aluminum  wire 

The  initial  tests  of  my  experiment  used  coils  ixound  from  0«10  inch  dia¬ 
meter  round  aluninun  wire.  i’ney  were  hand  wound  as  tightly  and  as  uniformly 
as  possible  around  sections  of  wooden  dowel  j  inches  in  diancter.  The  leads 
were  secured  by  passing  the  id  re  tlirough  a  hole  drilled  along  a  chord  of  the 
cylinder,  looping  it  back  arounu  and  through  the  hole  a  second  and  final  tine. 
They  were  all  single  layer  coils  with  no  external  reinforcement  or  epoxy. 

The  first  test  of  an  almdixun  coil  used  a  col  with  3h  turns  and  a  length 
of  d.6  cn.  Alter  several  pulses  at  low  voltages  (approximately  2b  volts) 
to  insure  tiir.t  all  of  the  circuitry  was  working  prppcrl y,  tne  initial  voltage 
on  the  capacitor  bank  was  raised  to  1000  volts.  The  coil,  which  was  inside 
a  thick  plywood  box  for  safety,  was  pulsed  at  this  voltage  and  failod  thiou^ 
radial  deformation,  axial  budding  of  the  windings,  and  arcing  through  tho 
insulation  on  the  windings,  /lie  radial  deformation  was  tne  primary  mod-  of 
failure,  and  tho  other  ;&d.s  ca.ie  about  as  a  result  of  it.  The  coil  actually 
ruptured  (primarily  due  to  melting  of  tiie  windings  caused  ly  the  necked- do.m 
aluidnun  being  unable  to  h  nulc  tiie  current  flowing  tlirough  it)  in  five 
separate  places,  but  of  the  pieces  vh/  ch  were  intact,  tiie  plastic  strain  was 
approximately  103, .>  (with  20  ^30^  uncertainty).  (dee  Tabic  1). 

The  second  t  st  of  an  aluuinu  .  coil  used  r.  coil  ;.ith  iilt  turns  and  r 
length  of  11.2  ou  Two  arks  or.  the  middle  20  tuni3  of  the  coil  initially 
cq>aiated  ^.1?  wxters  of  ire.  /irst,  a  si  lilrr  coll  of  50  turns  ;:c  s  pulsed 
at  ixicn.ar.ing  voltages  until  it  w:  s  observed  to  yield  at  an  initial  voltage 
of  wf  37 -j  volts,  iuc  hh  turn  co  1  was  pulsod  initially  r.t  20  volts  for  an 
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equipment  and  connection  chock,  and  nien  it  was  pulsed  at  j25  volts*  As  ex- 

-3  -3 

pected  it  .yielded,  , ;iving  a  plastic  strain  of  9*6  x  10  I  2  x  10  ,  or  about 
1^.  strain*  (See  table  1).  In  tlds  test  the  measured  maximum  current  was 
37od  arps,  whereas  theory  predicted  a  maxtaum  current  of  only  2057  ar.ps, 
for  an  initial  capacitor  banl:  voltage  of  325  volts*  I  do  not  know  what  caused 
this  discrepancy,  but  in  order  to  give  the  rest  of  t..c  theoretical  analysis 
as  inch  chance  at  accuracy  as  possible,  I  decided  to  use  tne  crpiriccl  current 
value*  'i’ae  theoretical  initial  voltage  corresponding  to  this  value  of  maxi¬ 
mum  current  uas  i*29  volts,  which  was  what  I  used. 

B*  Tests  of  copper  coils 

The  first  copper  coil  test  was  with  a  coil  made  of  0*10  inch  square  copper 
wire,  wound  in  two  layers  of  t?  turns  each.  Its  total  length  was  1*5  cm,  ana 
ana  it  was  not  epoxied  or  otherwise  externally  reinforced.  Like  the  aluminum 
coils/t«i6  copper  coils  were  also  wound  around  a  wooden  dovol  3  inches  in 
diameter.  for  this  coil  under  west  hue  leads  were  connected  to  a  torrlnal 
block  which  was  mount co  to  tue  wood,  The  terminal  clock  served  to  hold  tne 
leads  of  the  coil  in  plr.ee  and  also  as  an  cwtatcnment  point  for  t!ie  leads 
coiling  from  tnc  capacitor's.  Tnc  first  coil  was  pulsoc  at  successively 
increased  initial  voltages  until  at  a  voltage  of  2u0  volts  some  slight  dclon»w 
ation  was  dc  ectod.  In  order  +.o  obta  .n  more  defoliation  the  initial  voltage 
was  inci'casco  to  JuC  volts,  and  wiicn  the  capacitor  »cnl:  ;.::s  tri;:  erc.d  Uic 
leads  from  the  caoacitor  ban*;  to  tac  terminal  bloci:  UL- :  oil*  ly  insurxn  that 
the  loads  wo  tnc  second  c-jil  w-.e  on  v.iy  tightly,  \;z  i.vro  able  to  fin.  a 

2v£>  volt  snot,  an<u  _ct  a  plastic  strain  of  l.h  x  10  £  icT^ 


or  slightly 
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more  than  1,*  strain*  (ace  table  1).  In  this  snot  tuc  Measured  macdmiri  current 
was  116140  arps,  with  r,  tneorctical  prediction  of  156W  arps  ior  an  initial 
voltage  of  260  volts* 

Four  other  copper  coil  shots  were  done,  none  of  tnen  Giving  useahlo  results* 
Those  results  are  listed  in  Table  1*  The  first  of  these  tests  was  of  a  coil 
wound  fro::  0*025  inch  round  copper  wire,  having  2  layers  of  10  turns  each* 

It  was  not  epoxied  or  externally  reinforced,  and  its  loads  wer.  secured  to 
two  separated  terminal  bloci:s,  to  which  the  capacitor  leads  wore  also  secured* 
ni ion  this  coil  was  pulsed,  it  was  so  heavily  darned  that  tiio  current  largely 
heated  tho  coil  instead  of  deforming  it  radially*  For  an  initial  voltage  of 


UC 


volts  *no  cowl  oecaix  so  hot  that  the  isolation 


failed  by  bailing  and 


chairing. 


For  hie  other  three  tests,  a  different  capacitor  bank  was  used,  one 
which  was  capable  of  storing  hiuaer  voltages  and  uhich  lira  a  sr.ialler  capaci¬ 
tance  than  the  first  bank*  The  smaller  capacitance  lad  to  ruch  lighter  damping, 
and  in  fact  made  the  system;  f.r  the  next  thrue  tesw.  lightly  damped*  Vids 
also  giive  the  system  a  nudi  faster  pulse,  bat  not  so  f-st  that  tne  steady- 
state  model  could  not  be  used* 

The  noxt  test  vi:s  a  coil  identical  to  -he  previou:  oau,  except  hiat 
its  windings  utre  potted  in  opo-v*  It  w.  s  pulsed  at  ?0J  volts,  1000  volts, 
and  lpOO  volts  with  no  visible  deformation*  *<heu  it  v**s  pulsed  at  tC.0 
volts,  a  s'.ction  o i  inner  wiiidiu^s  bl:*.  out  .-.nu  ru-ltcd  la  tuc*  ith.r  uaea 
Uiat,  I  could  not  detect  .  v  o...*.*r  <!?.•*  >r  «~.b*on*  I  bol-%w  that  *-.c 
t.ds  coil  ..:-s  tbic  to  riUich-nd  pulsii^  at  sucli  id^h  voider  is  *.;at  tno 
epoxy  glu^j  the  hidings  together,  and  therefore-  nrcvc.ned  the.-,  from  bidding, 
and  Uiat  the  epo^*  Jlucn  the  wi.ulin^s  to  t  c  wood,  spre*  iii:  •  jver 

a  :uch  larger  area  uiaa  other  is*  would  havo  be  .a  pos:;.lbi .  • 
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The  last  two  tests  used  coils  that  were  identical  to  the  first  two  except 
that  they  wore  wound  fron  0.u2i!  incli  super- conductor  wire,  which  consists 
of  filaments  of  niobium- titanium  potted  in  u.02£  inch  thick  copper  wire. 

For  :.v  puipoces  I  did  not  use  tills  ..ire  as  a  supers  conductor,  but  as  a  com¬ 
posite  having  a  tensile  strength  wreater  than  tliat  of  copper  alone*  One  of 
these  coils  was  potted  in  epoxy,  the  otiicr  was  no*  Both  failed  at  200)  volts 
by  arciiv,  through  t  iOir  insul:  Id  on.  A^ain,  I  could  not  detect  any  radial 
deformation. 

C*  lidd  stress  measurements 

In  order  to  check  the  values  I  used  for  yield  stress,  I  measured  the 

yield  stress  for  two  of  t  .e  materials,  aliutnuu  and  copper,  which  I  used  in 

.fcr  cxpeii. sent.  Osin^  a  dial  .dcroueter,  I  .v.cc; cured  the  d..  flections  if  reesured 

pieces  of  .ire  in  the  testing  iwicldne  as  a  fUiiction  of  the  force  applied 

to  the  wire.  I  define  !  as  beli^  that  stress  at  which  the  stress-strain 

curve  first  diverged  from  linearity*  For  the  clu:d.  .u.i,  of  the  three  different 

7  2 

valid  racasiuvuonts  ,h*t  1  made,  the  yield  strosse;  were  1.01;  x  10  Yt/n  , 

V  2  Y  l 

2.72  x  10  iv/i.i  ,  and  3.3J  x  10  *;/ri  .  for  the  copper,  as  :«:»surwu  usin^ 

7  2  7 

the  0.10  inch  s-  uarc  wire,  the  ic-U  stresses  ;.orc  >:  10  tl/a  ,  /’i.2)i  x  10  ij: 
7  2’  7  2 

i*17  x  1J  d/n  ,  a-.;u  7*«-»/  x  10  *./;\  •  **y  attcipi  s  to  measure  t;iC  yield  stress 
of  the  f..o23  incli  oap;iwco.iduct:nw  .ire  *..  rt  uiicucct-sful,  and  I  was  ‘inode 
to  find  a  i- rUtln  ted  valuo  for  5 
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V*  Discussion  of  results 

flie  nost  important  characteristic  of  the  theory’ is  its  extreme  sensitivity 
to  yield  stress*  (See  ELeure  5)*  For  predictions  in  the  Si.iall  strain  region, 
an  error  on  the  order  of  1„>  in  the  accuracy  of  the  yield  stress  can  cause 
double  the  predicted  plastic  strain*  i&th  the  larje  scale  uncertainties 
as  to  viii.it  the  correct  yield  stress  i:i  our  material  is,  and  ^iven  the  numerous 
factors,  such  as  temperature  and  strain  hardening,  that  can  affect  t**e  value 
of  tiie  yiold  ..tress,  accurate  pi*ediction  of  the  mount  of  plastic  strain 
bcco.;«s  .impossible  with  a  i.iodel  tills  Simplified,  The  fact  that  tue  *iodel  is 
conceptually  correct  however,  is  shown  by  the  braclcctinw  of  the  c  pirical 
value  for  strain  by  the  vnri  us  predicted  values  usin£  t.c  different  yield 
stresses* 
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Vi#  Coacl'*  si)  nr. 

Vac  s beady-state- to-yieLliaw  :wdel  is  a  conceptually  correct  :od;-l  of 
dynamic  coll  behavior,  but  ono  that  does  not  allow  accurate  prediction  of  the 
final  coil  defor.iativn  duo  to  inaccuracies  in  deteminiu^  the  yield  stress  in 
tue  co  .1  i  .ate rial,  however,  the  theory  should  be  adequate  to  design  end  op¬ 
timise  cods,  since  it  is  desired  to  liavc  zero  plastic  defoliation  after  each 
shot#  Vac  i;  pulse  ;iodel  vdli  be  rarely  used,  since  it  does  not  *  miately 
predict  cod  tehrvior  u:iless  th.  pulse  lcnjth  is  ..uch  l'.ss  than  the  response 
ti/iC  of  t.iC  coil, 

:hc  steady-state  nodel,  on  the  other  hand,  .s  valid  :.hon  the  response 
tiuc  of  tuc  cod  is  iaich  less  tiian  tlic  pulse  length,  which  is  a  sit  a  id  on 
hat  occurs  maich  rorc  frequently# 

Furtiier  rtudfcr  in  this  area  is  rccorsaaaded  to  investigate  the  effects 
of  addinw  ejctor.val  reinfo  reorient  to  the  coils,  end  pottinw  t.o  .ladings  in 
epo3^#  £Lso  Uio  poss  .blc  dcfoin*  tivc  effect  of  one  co  i  .  ulsi:^  ne-.r  ;.ioti*or 
coil  should  be  investigated,  alt*;o»ra  chrt  :;aa  outsit  r f  stu<J/ 


THE  SELF-ENERGIZED*  SUPERCONDUCTING  MASS  DRIVER 


AS  A  MEANS  FOR  LAUNCHING  SPACE  VEHICLES  FROM  EARTH 


1.0  INTRODUCTION 

Rocket  propulsion  has  become  the  established  way  of  launching  objects  Into  deep 
space  and  Into  orbits  around  the  earth.  A  possible  alternative  to  this  method  of 
propulsion  are  electromagnetic  accelerators.  A  major  advantage  of  electromagnetic 
traction  should  be  the  more  efficient  use  of  energy  because  no  fuel  has  to  be  hoisted 
Into  space.  The  penalty  for  this  Is  the  high  velocity  with  which  the  projectile  has 
to  travel  through  the  densest  layers  of  the  atmosphere. 

At  present  It  Is  by  no  means  clear  how  trade-offs  of  this  nature  would  Influence 
the  economics  of  space  flight.  Different  concepts  of  electromagnetic  accelerators 
may  be  envisaged,  but  this  Investigation  deals  only  with  one  particular  version.  This 
Is  the  coaxial  superconducting  mass  driver  In  which  the  traction  solenoid  and  the 
armature  (bucket)  coll  carry  persistent  supercurrents.  The  analysis  does  not  go 

O' 

beyond  establishing  electrodynamic  fusibility. 

A  primary  objective  of  the  design  Is  to  use  a  long  superconducting  solenoid, 
at  one  and  the  same  time,  as  fast  access  energy  store  and  drive  coll.  Other  electro¬ 
magnetic  earth  launchers  have  been  proposed.  They  require  specially  provided  energy 
storage  devices  dedicated  to  the  launch  facility  and  existing  In  addition  to  the  drive 

colls.  Since  the  energy  has  to  be  made  available  In  the  short  time  span  of  a  Per 
of  L*±±j 

second^  not  al 1  conventional  methods  of  energy  storage  are  suitable  for  earth  launchers. 
The  most  attention  has  been  given  to  electrostatic  capacitors  and  flywheels  In  homo- 


i2i 

polar  generators.  Storage  devices  of  this  kind  are  likely  to  be  the  most  costly 
items  of  an  electromagnetic  accelerator.  They  would  be  eliminated  if  it  should  prove 
possible  to  convert  most  of  the  magnetic  energy  stored  by  a  long  solenoid  Into  kinetic 
energy  of  the  projectile. 

The  following  analysis  aims  at  establishing  concept  feasibility  without  attend¬ 
ing  design  optimization.  It  should  therefore  be  easy  to  Improve  the  performance  and 
economics  of  the  all -superconducting  mass  driver  by  further  design  studies. 

2.0  ENERGY  CONVERSION  PROCESS 
2.1  Energy  Storage 

The  electromagnetic  accelerator  configuration  to  be  examined  is  shown  In  flg.l. 

It  employs  a  1000  m  long  vertical  solenoid  of  5  cm  thickness  and  30  cm  bore.  It  Is 
assumed  that  the  solenoid  and  most  of  the  accelerator  components  would  be  set  up  in 
a  vertical  mine  shaft.  The  traction  solenoid  consists  of  20»000  Identical  square- 
section  colls  of  5  x  5  cm  winding  cross-section.  Each  coll  Is  wound  with  2500  turns 
of  1  x  1  mm  conductor  cross-section. 

For  analytical  purposes,  each  drive  coll  will  be  treated  as  a  circular  filament 
coinciding  with  the  center  turn  of  the  coll  and  carrying  a  current  equal  to  the  ampere- 
turns  of  the  coll.  A  single  5  x  5  cm  section  coll  serves  for  acceleration  of  the 
payload.  No  clearances  are  shown  on  flg.l  between  drive  and  armature  colls,  but  they 
may  easily  be  Introduced  by  assuming  the  winding  cross-sections  to  be  reduced  to,  say, 

4  x  4  cm  with  a  corresponding  Increase  In  current  density.  This  preserves  the  location 
of  all  central  filament  rings  by  which  the  coils  are  represented  In  the  mutua1  Inductance 
analysis. 

All  Inductance  calculations  have  been  carried  out  In  compliance  with  the  formulas 
provided  by  Grover,  "Inductance  Calculations".  The  self Inductance  of  the  traction 
solenoid  shown  In  flg.l  comes  to 

Ls  »  2.75x10s  H  •  2.75X101**  cm 
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With  an  overall  current  density  in  the  solenoid  of  10,000  A/cm2,  the  current  In 
each  turn  of  each  individual  drive  coil  is 

is  •  100  A  . (2) 

This  results  in  a  maximum  magnetic  field  strength  at  the  center  of  the  solenoid  of 

Bmax  “  6  3  T  . (3) 

The  total  magnetic  energy  stored  by  the  solenoid  Is 

Eq  »  (1/2)LS1S2  -  1.375  GJ  . (4) 

Assuming  that  80  percent  of  the  stored  energy  will  be  converted  to  kinetic  energy, 
the  remainder  being  dissipated  by  induced  drag  currents,  mechanical  friction  and 
arc  heating,  this  leaves  1.1  GJ  for  mass  acceleration. 

Let  the  total  projectile  mass  be  20  kg,  then  the  final  velocity  of  the  payload 
would  be 

v  »  /l.btQ/m  ■  10.5  km/s  . (5) 

where  m  Is  the  accelerated  mass.  Hence  a  one  kilometer  long  coaxial  superconducting 
mass  driver  has  the  potential  of  accelerating  useful  payloads  to  earth  escape  velocity, 
which  exceeds  10  km/s  by  an  amount  depending  on  the  aerodynamics  of  the  projectile. 

Much  more  magnetic  energy  may  be  stored  In  longer  solenoids  of  greater  diameter. 

The  dimensions  of  the  accelerator  of  fig.l  were  chosen  to  obtain  some  Idea  of  just 
how  small  a  useful  electromagnetic  earth  launcher  could  be. 

For  the  projectile  to  reach  the  final  velocity  of  10.5  km/s  over  the  length  of 


1  km,  the  average  acceleration  must  be 

J  •  v2/2t»  55,125  m/s2  ■  5619  g  . (6) 

where  g  Is  the  acceleration  due  to  gravity.  The  average  force  required  to  satisfy 
(6)  Is 

F  -  Dta  .  112,385  kg  . (7) 


The  axial  stress  on  the  solenoid  and  armature  coll  resulting  from  the  acceleration 
force  Is 

o%  •  F/(»/4)(402-302)  -  204  kg/cm2  -  2907  psl 
o,  •  F/(»/4)(302-202)  •  286  kg/cm2  ■  4068  psl 


(8) 

(9) 


The  magnitude  of  these  stresses  seem  acceptable  for  superconducting  windings.  The 
weakest  metal  component  of  the  superconductor  would  be  the  backing  material.  High 
purity  aluminum  can  operate  safely  at  5000  psl  at  ambient  temperature  and  10,000  psi 
at  helium  temperatures.  The  electrical  Insulation  of  the  1  x  1  mm  superconductor 
wires  will  be  compressed  by  the  axial  stresses.  Not  many  dielectric  materials  are 
capable  of  withstanding  the  high  compressive  stresses  which  will  arise,  particularly, 

In  the  solenoid.  Designers  of  all  kinds  of  superconducting  magnets  face  the  same 
difficulty.  Most  reliance  Is  being  placed  on  fiberglass  reinforced  epoxy  (G10)  In 
sheet  or  spacer  form,  and  the  alumina  coating  of  anodized  aluminum. 

2.2  Current  Transfer  to  the  Armature  Coll 

A  long  superconducting  solenoid  utilizing  Its  stored  energy  can  accelerate  the 
armature  coll  only  by  attraction  and  not  by  repulsion.  Attraction  Is  In  any  case  more 
desirable  for  lateral  stability  of  the  projectile  In  the  confined  space  of  the  solenoid 
bore.  For  the  attraction  force  to  be  reasonably  constant  over  the  full  length  of 
the  projectile  flight  through  the  solenoid,  the  portion  of  the  solenoid  behind  the 
projectile  has  to  be  de-energized  or  quenched  as  the  armature  coll  progresses.  The 
most  promising  method  of  quenching  the  persistent  current  In  the  drive  coll  through 
which  the  armature  passes  appears  to  be  current  Interruption  by  a  vacuum  circuit 
breaker. 

The  operation  of  any  one  of  a  battery  of  circuit  breakers  arranged  alongside  the 
traction  solenoid  has  to  be  carefully  timed  to  coincide  with  the  passage  of  the  arma¬ 
ture  coll.  A  possible  switching  arrangement  Is  illustrated  In  fig. 2.  The  vacuum 
circuit  breakers  make  and  break  persistent  current  contacts  between  a  superconducting 
return  conductor  and  taps  on  the  traction  solenoid.  For  the  armature  position  Indi¬ 
cated  In  fig. 2,  contacts  (a)  have  to  close  before  contacts  (b)  are  opened. 

The  process  of  current  Interruption  will  Induce  emf's  In  the  neighboring  part 
of  the  traction  solenoid  and  In  the  armature  coll.  The  armature  emf  helps  to  maintain 
the  armature  current  and  this  Is  an  essential  feature  of  the  superconducting  accele¬ 
rator  concept.  But  additional  current  In  the  solenoid  would  be  undesirable  as  this 
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would  bring  the  current  closer  to  the  critical  level. 

Initially  an  arrangement  was  studied  in  which  each  drive  coll  was  closed  upon 
Itself  and  Isolated  from  all  others.  In  this  type  of  accelerator,  it  was  found, 
current  would  pile  up  ahead  of  the  armature  coil,  because  of  the  switching  operations, 
and  It  gave  rise  to  strongly  non-uniform  acceleration  of  the  projectile.  As  will 
be  shown  presently,  the  current  pile-up  problem  Is  completely  avoided  by  series- 
connection  of  all  traction  coils  and  the  use  of  a  return  conductor. 

To  analysize  the  current  transfer  from  the  de-energized  drive  coil  to  the  arma¬ 
ture  coil  we  make  use  of  the  fact  that  a  perfect  conductor  (of  zero  resistivity) 
cannot  sustain  an  internal  electric  field.  Therefore,  if  e  is  the  Induced  emf  in 
a  closed  filament  of  the  perfect  conductor, 

e  *  -de/dt  ■  0  . (10) 

and  the  flux  ♦  linked  by  the  filament,  or  coil,  has  to  remain  costant.  We  may  refer 
to  this  fact  as  flux  conservation. 

Flux  conservation  will  make  it,  in  general,  impossible  to  maintain  a  positive 

current 

(in  the  same  direction  as  the  solenoid  current)^ n  the  armature  coil  when  the  latter 
is  charged  a  long  way  away  from  the  drive  solenoid.  This  is  the  result  of  the  disparity 
of  the  self Inductances  and  magnetic  field  strengths  of  a  long  and  a  short  coil. 

Hence  the  armature  coil  has  to  be  charged  In  position  at  the  inlet  of  the  traction 
solenoid,  as  shown  in  fig. 3(a).  Assuming  that  the  solenoid  is  charged  first,  armature 
and  projectile  have  to  be  held  back  by  a  mechanical  Interlock  while  the  armature 
current  is  being  raised#by  an  external  voltage  source,  to  the  desired  level.  During 
the  charging  process,  the  armature  circuit  Includes  resistance  and  the  flux  through 
It  may  change  continuously.  At  the  end  of  their  respective  charging  cycles,  both 
the  solenoid  and  the  armature  have  to  be  closed  upon  themselves  by  superconducting 
contact  to  freeze  in  persistent  currents.  Breaking  the  mechanical  Interlock  after 
charging  of  the  armature  will  start  the  the  flight  of  the  projectile. 

Let  the  initial  solenoid  current  be  1s  *  1n#|.  As  a  first  step,  before  releasing 
the  armature,  we  will  assume  that  the  bottom  coil  of  the  solenoid  (n*l)  is  inter¬ 
rupted  just  after  n«2  has  been  connected  to  the  return  conductor.  The  current  in 
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the  solenoid  should  then  increase  from  1njl  to  i^j  and  the  current  In  the  armature 
from  to  1^2*  ~he  following  inductances  are  required  for  computing  the  variations 
In  solenoid  and  armature  currents: 

Lm  -  self inductance  of  armature  coil 

Ln-x  "  self inductance  of  solenoid  after  opening  the  first  x  coils 
Mx  -  mutual  Inductance  between  armature  coll  and  energized  portion  of  the  solenoid 
just  before  the  armature  enters  this  energized  portion  (see  fig. 3) 

Mx  -  mutual  Inductance  between  armature  coll  and  energized  portion  of  the  solenoid 
just  after  the  current  In  the  coll  ahead  of  the  armature  has  been  Interrupted 
(see  fig. 3) 

Equating  flux  linkages  In  the  solenoid  and  armature  before  and  after  Interruption 
of  the  current  in  the  drive  coll  n*l  gives 


i;.lLn>  +  *A.l"l  •  VlLn.  +  *n.lHl 

+  •  VlLn  +  VlMl 

Solving  (11)  and  (12)  for  the  adjusted  currents  l^j  and  1^  j  results  In 

1».l  -  (”lMi-*T«Ln- l)/«Mi) a-L^n-l><m.  1  ♦  (W«-n-l»'l)/«»'i),-LJ-n-l>1n.l 


^,1  '  Lm(Mi-Mi)/((Mi)*-LnLn.l>im.l  +  ^WnWWpS/WVl  . <“> 

For  the  next  step  we  consider  the  change  In  the  currents  from  1'  ,  to  im9  and 

m,i  m»t 

1^  1  to  1n^  as  the  armature  coll  moves  up  to  the  energized  portion  of  the  solenoid* 
as  Indicated  In  fig. 3(c).  Flux  conservation  then  demands 


V*  *  Vft  '  Vl1- * 


V2Ln-l  +  V2H2  '  *n,lLn-l  *  im,lMi 


Solving  (15)  and  (16)  for  the  adjusted  currents  1_  ,  and  1  ,  produced  by  the  for* 

m»c  n*z 

ward  motion  of  the  armature  by  5  cm  gives 


(17) 
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V2  ’  Lm(VMi)/(H2*LmLn-l)im,l  +  <M2  Wn-lV^Vn-l)1,;.!  . <18> 

A- I 

This  procedure  can  be  repeated  step-by-step  until  g.’coi Is  of  the  solenoid  have  been 
opened  and  the  armature  has  moved  right  up  to  the  portion  of  the  solenoid  still  carry¬ 
ing  current,  as  in  fig. 3(d),  when  the  armature  and  solenoid  currents  will  be 

’m,x  *  ^Mx-lMx*Lm^vx+l^Mx"’V-n-x+l^i!i,x-l  +  '■n-x+l(Mx"Mx-l^^x**'mLn-x+l^ 'n,x-l 

. (19) 

Vx  *  Lm^Mx‘Mx-l^^Mx*LmLn-x+l^1m,x-l  +  ^MxMx-rLm*-n-x+l^(Mx"*’i/n-x+l^n,x-l 

. (20) 

And  after  Interruption  of  the  current  In  the  next  drive  coll,  the  two  currents  become 

Vx  *(MxMx"*-mLn-x^^Mx^*LmLn-x^m,x  +  ^n-x+lMx’Ln-xMx^^Mx^”*'m*,n-x^n,x 

. (21) 

. (a) 

In  order  to  evaluate  equations  (19)  to  (22)  It  Is  necessary  to  compute  the  numerical 
values  of  the  eight  dimensionless  Inductance  coefficients  of  these  equations.  The 
only  constant  In  those  coefficients  Is  the  armature  selfinductance.  Its  value  1$ 

Lm  -  287  cm  (23) 

Grover  formulas  have  been  used  for  (23)  and  the  calculation  and  the  variable  self¬ 
inductance  lx  of  the  energized  portion  of  the  solenoid.  The  results  are  plotted  on 
fig. 4. 

Grover  also  provides  a  formula  for  the  mutual  Inductance  M  between  a  long  sole¬ 
noid  and  a  coaxial  circular  filament  In  the  end-plane  of  the  solenoid.  For  the 
20,000  colls  of  the  traction  solenoid,  this  value  of  N  must  be  equal  to 

20,000  1000 

M-j  H...  . (24) 

n-1  ^,n  n*l 


The  Grover  formula  also  shows  tk«t  for  the  dimensions  of  the  solenoid  of  flg.l. 
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Fftj  H  SeCC  inductance.  ot  « ner<jited  portion 
oi  "Hi<  -kcictioH  soCeno,ct 


colls  1001  to  20,000  make  virtually  no  contAbWion  to  M,  which  justifies  the 
approximation  in  (24).  Hence  the  mutual  Inductance  Is  very  nearly  constant  until 

id/  h* iC 

the  projectile  has  traversed  95  percent  of  the  accelerator.  Over  thls^di stance 

"x  ■  »  •  Vl  . 

where  Mm^  Is  the  mutual  Inductance  between  the  armature  coll  and  a  drive  coll  di¬ 
rectly  surrounding  the  armature.  Also 

Vi-  Vi  . !!!; 

where  M,,,^  Is  the  mutual  inductance  between  the  armature  and  the  drive  coll  just 
ahead  of  it.  Using  Grover  formulas,  the  mutual  Inductances  of  '25)  and  (26)  were 
found  to  be 


Mx  •  392  cm  . (27) 

M*  •  212  cm  . (28) 

x 


While  the  projectile  travels  through  the  last  1000  colls  of  the  solenoid,  both 
Mx  and  N*  decrease  from  the  values  given  In  (27)  and  (28). 

We  are  now  able  to  compute  the  numerical  value  of  the  first  Inductance  coeffi¬ 
cient  In  (19)  for  0  <  x  <  19,001. 

(M;-lMx-LmLn-x+l)/(Hi-LmLn.x+1)  •  (212  x  392  -  287  Ln.x+1)/( 392*  -  287  ln.x+1) 

«  1  . (29) 

For  all  values  of  Ln.x+1  <  19,000  we  have  Ln.x+1  >  0.25  x  10*.  Hence  for  the  first 
950  m  of  the  solenoid  the  inductance  coefficient  of  (29)  Is  very  nearly  equal  to  one. 


The  second  Inductance  coefficient  of  (19)  Is 

Wl<VM;-l>'<M^mWl)  "  Wl  <392  -  212)/ (392*  -  287  l„.x+l) 

•  -0.627  (30) 

The  remaining  Inductance  coefficients  of  equations  (20)  to  (22)  are 
l,(Hx-M;_i)/(Mj-y.n.x>i)  »  287(392*-  212)/(392  -  287  l^,) 

•  0  (31) 

(M*H;.i*LJLn.x.1)/(Mj-L(JLn.x4l)  -(392  x  212  -  287  Ln.x+1)/(392*  -  287  I,.*,) 

*  1  (32) 

■  (»2  *  2»2  *  282  *-n.x)/(222*  -  287  L„.x) 


33 


(34) 
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«-n-x+l  ^n-xV^W'-'-mW  *  <2*2  Vx+l  *  392  Ln-x>/(212’  '  297  Ln-x> 

a  +0.627 

Lm(M;-Mx)/{(M;)J-LmLn.x}  •  287(212*-  392)/(212  -  287  L„.x) 


^Wn-x+l^^’Vn-x)  '  (392  *  212  *  287  Ln_x+1)/(212*  -  287  Ln.x) 


Substituting  approximations  (29)  to  (36)  Into  (19)  to  (22)  gives  the  currents  as 


Vx  ’  ’i.x-1  *  °-627  *n.x-l 

1  ■  1*  , 

'n.x  'n.x-l 

<;.*  "  V*  ♦  0-«27  <n.x 

*n,x  "  *n,x 


Equations  (38)  and  (40)  prove  that  the  solenoid  current  resialns  constant  until 
the  projectile  reaches  the  last  50  m  of  the  traction  solenoid.  The  stability  of 
1n  Is  the  result  of  the  large  self Inductance  of  the  solenoid  coopered  to  that  of 
the  amature  coll. 

Equation  (39)  expresses  the  Increase  In  a  mature  current  due  to  the  extinction 
of  the  current  In  the  drive  coll  just  ahead  of  the  ameture.  This  Is  the  current 
transfer  equation.  According  to  (37) ,  the  transferred  current  Is  lost  again  when  the 
ameture  moves  up  to  the  energized  portion  of  the  solenoid.  Hence  for  the  first  950  ai 
of  Its  travel  Into  the  solenoid  the  amature  current  varies  In  saw-tooth  fashion 


between  1f  j,  the  current  to  which  the  amature  was  originally  charged,  and  this 
current  plus  62.7  percent  of  the  solenoid  current.  Each  circuit  breaker  therefore 
pumps  a  certain  amount  of  current  (ampere- turns)  from  the  solenoid  to  the  armature, 
and  this  Is  expended  In  acceleration  before  the  next  pumping  stroke  occurs.  In  the 
last  SO  ai  of  the  solenoid,  the  average  amature  current  decreases  and  the  drive 
current  Increases,  keeping  the  acceleration  approximately  constant  right  up  to  the 
exit  of  the  projectile  from  the  accelerator. 

The  current  fluctuations  In  the  armature  coll  will  be  smoothed  out  to  a  consi¬ 
derable  extent  by  the  gradual  arc  quench  In  the  vacuum  Interrupter.  The  saw-tooth 
waveform  of  the  amature  current  arises  from  the  assumption  that  the  current  is 


extinguished  instantaneously.  In  practice  this  Is  impossible,  a  fact  which  will 
help  to  keep  the  armature  current  more  constant.  But  it  seems  unavoidable  that 
the  armature  current  contains  as  significant  ac  component  which  Increases  In  frequency 
as  the  projectile  accelerates,  reaching  several  hundred  kilo-hertz  at  the  end  of  the 
accelerator.  This  will  give  rise  to  ac  losses  in  the  armature  circuit  which,  together 
with  heat  Inleak  and  friction  a*4«mmepgonei»a  ted  "treat,  will  have  to  be  absorbed  by 
the  coolant  and  the  cold  metal.  Fortunately  the  process  of  acceleration  through  the 
whole  length  of  the  solenoid  takes  only  0.2  s. 

It  will  be  seen  from  (34)  that  the  amount  of  current  pumped  into  the  armature 
by  each  circuit  breaker  is  determined  by  (M^-Mx)/Lm.  The  numerator  of  this  fraction 
depends  on  the  number  of  circuit  breakers  installed  along  the  solenoid.  The  larger 
this  number,  the  smaller  will  be  the  current  pumped  with  each  stroke.  The  number  of 
circuit  breakers  that  can  be  usefully  employed  Is  ultimately  determined  by  their  speed 
of  operation.  A  larger  self Inductance  of  the  armature  coil  will  also  reduce  the 
amount  of  current  pumped  per  stroke.  This  would  be  best  achieved  by  lengthening  the 
armature  coll. 

In  the  present  example  in  which  a  solenoid  current  of  100  A  has  been  assumed, 
the  initial  armature  current  1m#i  should  not  be  larger  than  37.3  A  to  prevent  the 
current  density  in  the  armature  coil  from  exceeding  that  In  the  solenoid. 

3.0  PERSISTENT  CURRENT  MAINTENANCE  AND  INTERRUPTION 

The  maintenance  of  persistent  currents  through  mechanical  contacts  and  the  arc 
interruption  of  these  currents  Is  an  uncharted  area  of  technology.  The  contacts 
would  operate  in  hard  vacuum  and  therefore  could  be  kept  very  clean,  except  for  a 
monolayer  of  gas.  By  using  adequate  pressure,  it  Is  hoped  that  superconducting  con¬ 
tact  can  be  made  reliably  between  niobium  electrodes.  The  contacts  would  have  to  be 
internally  cooled  with  helium  or  by  conduction  to  a  helium  pool. 

A  very  large  number  of  solenoid  turns  has  been  chosen  in  the  present  example 
to  keep  the  current  small  and  therefore  interruptible.  Even  with  vacuum  circuit 


breakers  It  is  difficult  to  interrupt  dc  currents  of  1000  A  or  more.  The  voltage 
drop  across  the  arc  is  of  the  order  of  20-100  V,  depending  on  the  ionization  potential 
of  the  metal  vapor  atoms.  This  is  a  very  small  voltage  compared  with  the  self in¬ 
duced  emf's  which  will  normally  try  to  maintain  the  current  constant.  However,  the 
proximity  of  the  short-circuited  armature  coil  of  zero  resistance  experiences  similar 
emf's  which  result  in  4fre  current  transfer  and  by  this  action  reduce  the  selfinduced 
emf  in  the  drive  coil  circuit  which  Is  being  opened.  This  sequence  of  events  should 
greatly  help  with  the  extinction  of  the  drive  coil  current. 

Furthermore,  a  100  A  arc  generates  relatively  little  heat  and  this  will  starve 
the  arc  of^ions  and  make  It  unstable.  With  this  small  amount  of  current  the  gap 
plasma  may  have  more  the  nature  of  a  glow  discharge  than  an  arc.  Glow  discharges 
are  capable  of  opposing  much  larger  Induced  voltages  than  arcs.  Another  technique 
used  for  dc  vacuum  arc  extinction  Is  the  application  of  a  crossed  magnetic  field  to 
divert  electrons  Into  the  vacuum  background. 

Of  the  twin  problems  of  the  maintenance  of  persistent  currents  through  mechanical 
contacts  and  dc  arc  interruption,  the  former  is  expected  to  be  the  more  difficult  one 
to  solve.  An  essential  step  In  establishing  the  feasibility  of  the  superconducting 
earth  launcher  has  to  be  some  experimental  evidence  of  the  working  of  the  make  and 
break  action  of  the  vacuum  switches.  Arc  interruption  could  be  explored  with  normal 
conductors  at  liquid  nitrogen  temperature,  but  persistent  current  contact  experiments 
require  liquid  helium  cooling. 


4.0  SOLENOID  FORCES 

Another  critical  issue  are  the  maximum  mechanical  stresses  that  may  arise  In 
the  traction  solenoid  from  the  combination  of  axial  magnetic  pressure,  acceleration 
force  and  weight.  According  to  formulas  and  tables  provided  by  Grover,  the  force 
of  attraction  between  the  two  halves  of  the  solenoid  comes  to 


F  -  309,000  kg 


(41) 
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The  winding  contact  area  between  the  two  halves  is 

A  =  (tt/4)(402  -  302)  =  550  cm2  . (42) 

Hence  the  compressive  stress  across  the  midplane  of  the  solenoid  is 

F/A  =  562  kg/cm2  «  8000  psi  . (43) 


The  weight  of  half  the  column  of  the  solenoid  adds  to  the  stress  of  (43).  For  an 
aluminum/niobium  ratio  of  3:1,  the  average  density  of  the  superconductor  would  be 


4.17  g/cm3.  The  total  weight  of  the  solenoid  column  therefore  is 

WA1  =  4.17  x  10~3A  l  =  230,000  kg  . (44) 

The  compressive  stress  due  to  this  weight  at  the  bottom  of  the  column  is 

WA1/A  *  417  kg/cm2  *  6000  psi  . (45) 


Half  this  stress  added  to  the  axial  compression  makes  the  midplane  stress  11,000  psi. 
The  maximum  stress  would  actually  occur  below  the  midplane  and  it  may  be  too  high 
for  pure  aluminum.  With  a  copper-backed  superconductor  the  compressive  stresses  in 
the  solenoid  would  be  even  higher  because  of  the  greater  specific  gravity  of  copper, 
but  pure  copper  would  tolerate  20,000  psi.  The  difficulty  with  copper  Is  that  its 
oxides  are  Inadequate  electrical  insulation  and  610  sheets  may  have  to  be  Inserted 
between  pancake  coils. 


5.0  SPACE  DISPOSAL  OF  HAZARDOUS  WASTE 

A  small  launch  facility, as  the  one  studied  in  this  investigation  may  find 
application  in  the  space  disposal  of  hazardous  waste.  Radioactive  substances  from 
various  nuclear  programs  are  obvious  candidate  materials.  Small-packet  launching 
would  greatly  reduce  the  risks  associated  with  aborted  space  shots.  Rocket  launching 
of  payloads  of  the  order  of  20  kg  is  completely  out  of  the  question  on  account  of  the 
amount  of  fuel  required  per  shot. 

Assuming  an  80  percent  charging  efficiency,  each  shot  of  the  superconducting 
earth  launcher  would  consume  under  5000  kWh  of  electricity  at  a  cost  of  less  than 
$  500. 


